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Monitoring and Forecasting of Sorghum and Millet Yields Using 
FAO-Water Satisfaction Index in the White Nile State, Sudan  
Abstract 
This study undertaken to test the validity of the FAO water requirement 
satisfaction index (WSI) for monitoring and predicting the yields of millet 
(Pennisetum glaucum L.) and sorghum (Sorghum bicolor L. (Monech), which are 
grown in the mechanized and traditional sub-sectors in the White Nile State. The 
growth periods were determined from the relationships of the dekadal (10-days) 
mean normal (30 years) rainfall and potential evapotranspiration of Kosti and 
El-Dueim. Seasonal WSIs for each crop were estimated in dekadal intervals from 
soil- water balance for the period 1991-2000. The indices indicated the extent to 
which the water requirements were satisfied in a cumulative way. The growing 
season of Kosti extended for about 90 days and that of El-Dueim for about 60 
days. The calculations of the WSI for millet and sorghum for season 2000 in each 
study area was presented and analyzed. The relationships between yields of 
crops and WSI in Kosti showed a non-significant correlation for millet in the 
mechanized and traditional sub-sectors. Sorghum showed a significant quadratic 
correlation (r = 0.833) for the mechanized sub-sector and non-significant 
correlation for the traditional sub-sector. In El-Dueim there was not a significant 
correlation between yield and WSI for millet in the mechanized and traditional 
sub-sectors. For Sorghum there was lack of significant correlation between yield 
and WSI in the mechanized sub-sector and significant quadratic correlation (r = 
0.815) in the traditional sub-sector. 
 
According to the FAO Method, crop yield should increase with increase of WSI. 
However, the results showed in some cases crop yield decreased with increase in 
WSI. This was attributed to factors that affect crop yield but were not included 
in the calculation of WSI. Furthermore the assessment of crop yield by the 
Ministry of Agriculture and Forestry may not be accurate. 
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                                                 Chapter one 
 
INTRODUCTION 
 
Sudan (1886068 km2) is one of the most seriously desertification-affected 
countries. It has a total population of about30.894.000 million 
(http://en.wikipedi.org), of which 76% inhabit the arid and semi-arid lands 
The Nile and its tributaries traverse the country. Wide variations in rainfall, 
soils and vegetation resulted in the formation of five main ecological zones 
classified as follows: desert (0-75 mm), semi-desert (75-300) low rainfall 
savannah on sand (300-400) and low rainfall savannah on clay (Harrison and 
Jackson, 1958). 
In developing countries, agriculture is one of the main drivers of economic 
activity. This is particularly true for Sudan, where 200 mn feddan (1 fed. = 
0.42 ha) are considered arable. At present, only about 40 mn fed are 
cultivated under rain-fed or irrigated farming systems. The rain-fed 
agricultural sector accounts for 90% of Sudan cultivated lands and provides 
subsistence and work for 70% of the country's population (Sairab and 
Mahmoud, 2010).  
This sector is composed of two sub-sectors: mechanized and traditional. The 
latter consists of subsistence small family farms and the former consists of 
large commercial farms. Mechanized farming is almost fully restricted to the 
clay soils and traditional farming is undertaken in sandy, clay and lateritic 
soils (Sairab and Mahmoud, 2010).  
 
The main crops grown by rain are sorghum, pearl millet, finger millet 
cassava, sesame, ground nuts, "karkade" and watermellon. Pearl millet and 
sorghum is about 78% rain-fed (Sairab and Mahmoud, 2010). Different 
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estimates were reported. In Sudan ,Almanac (1956) reported that farmers 
grow millet, groundnut, "karkade" and watermelon on sandy soils, while on 
clay soils they grow mainly sorghum and sesame. Seed Ahmed (2005) 
reported that the traditional rain-fed sector contributes 95% of millet, 50% of 
groundnut, 45% of sesame, 11% of sorghum and 100% of gum Arabic in 
addition to the minor crops such as "karkade", watermelons and beans. 
 
Most rain-fed areas in north Sudan are affected by 
desertification/degradation processes, including mainly soil erosion, 
vegetation degradation and salinization/sodication. These processes are 
enhanced by climatic variation and induced human activities and markedly 
manifested in declining yields (Mustafa 2010). To maintain enough yields, 
traditional farmers tend to expand their cultivated lands. It was estimated 
that the total cultivated rain-fed area was 5 million fed in 1950's, 7 million 
fed in 1960's, 12 million fed in 1980's and in 1990's it reached 23 million 
feddan (Seed Ahmed 2005). 
 
In addition to the marked adverse impact of desertification in the soil 
physical and chemical properties and soil erodibility manifested in the 
overall decline of the inherent soil fertility status, the recurrent drought 
episodes may cause complete crop failure (Mustafa 2010). The lack of prior 
knowledge about what percentage of decline in crop yield is to be expected 
prompted the need for crop monitoring and forecasting.  FAO was the first 
to act in response to the lesson learnt from the great Sahelian drought (1968-
1973) and its consequent dramatic socio-economic impact. In response to the 
recommendations of the UN World Food Conference in 1974, FAO 
established a Global Information and Early Warning System. Frere and 
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Popov (1976) developed a method for monitoring crop conditions and 
forecasting yields. 
A research project was initiated in the UNESCO Chair of Desertification in 
collaboration with the Desertification and Desert Cultivation Studies 
Institute for monitoring and forecasting crop yields under both mechanized 
and traditional raedin-fed agricultural conditions (Hashim and Mustafa, 
2007; Mustafa and Hashim, 2007; Mohamed and Mustafa,2008    ). The 
present study was undertaken in the White Nile State as an integral part of 
this national project. The specific objectives were to: 
· determine the growth periods of millet and sorghum in Kosti and El-
Dueim areas in the White Nile State,  
· Assessment of the FAO-water satisfaction index for sorghum and 
millet in Kosti and El-Dueim mechanized and traditionalsub-sectors, 
and 
· test the validity of the FAO method for monitoring and predicting the 
crop yield of the two crops in the two sub-sectors and locations in the 
white Nile State. 
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Chapter Two 
Literature Review 
2.1 Introduction 
Water availability is one of the limiting factors to crop growing in arid and 
semi-arid zones. Shortages of fresh water become very serious for different 
regions of the world with important consequences for food security 
(Nieuwenhuis et al., 2006). 
 
Water is the basic requirement of plants. On average, it makes up 90 – 95% 
by weight of soft plant tissues. Only about 2 – 5% of the water absorbed by 
roots is retained in the tissues and used for growth or chemical reactions, the 
rest of water evaporates from the leaves by a process called transpiration 
(Ridge, 1999). Absorption and transpiration processes are controlled by both 
internal and external factors, and plant water stresses occur when 
transpiration rate is greater than water absorption. The external factors 
include; the amount of water available to the absorbing organs and the 
intensity of transpiration promoting factors (Daubenmire, 1974). The 
internal factors depend largely upon these structural and functional 
characteristics of plant bodies (Hall, 1978).  
  
Crop production in arid and semi-arid areas is limited by a multitude of 
constraints that prevent plants from expressing their genetic potential. Thus, 
farming in these areas could be sustainable if practiced properly (Ahmed and 
Ali, 2007). Choice of the crop, variety, time of planting, special arrangement 
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of plants or trees and plant population in relation to moisture availability are 
some of the factors involved in increasing crop yield (Gibbon and Pain, 
1988).  
 
 
2. 2 Factors affecting crop yield 
The studies of Doorenbos and Pruitt (1984) showed that the water 
requirement satisfaction index can be used as an indicator of crop 
performance based on availability of water to crop during a growing season. 
In rainfed agriculture crop yield depends largely on different climatic, soil 
and crop factors. The climatic factors include rainfall, solar radiation, 
temperature, evaporation, wind speed, and relative humidity. The factors 
that are associated with the crop life cycle are the important factors that can 
be considered in assessing crop yield (Daubenmire, 1974). 
 
2. 2. 1 Climatic factors 
2. 2. 1. 1 Rainfall 
The primary source of water for agricultural production for most of the 
world is rainfall. Three characteristics of rainfall essential to crop growth are 
amount, frequency and intensity, the values of which vary from place to 
place, day to day, month to month and also year to year. Precise knowledge 
of these three main characteristics is essential for planning its full utilization. 
Farmers in rain-fed depend on rainfall which is often unreliable. Fortunately, 
climatologists have discovered a great deal about the causes of rainfall 
although some questions remain unanswered (Ker et al., 1984).  
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In tropical areas, the intense heating of the earth by the sun, heats the air 
above it, and creates a low pressure belt around the world, which is called 
Inter Tropical Convergence Zone (I T C Z). It lags behind the sun by about a 
month and some times longer. The ITCZ is usually over the equator between 
April and October, and it reaches the north extreme position in July, where 
rainfall is expected (El-tom, 1975). 
To get meaningful results from analysis of rainfall data, a long-term record 
is needed, at least 30 years. The longer the period the better is the analysis. 
Determinations of rainfall frequencies and/or probabilities are important 
information in the area of crop production (Adam, 2005). Knowledge of 
effective rainfall is most essential in planning crop production with the 
correct selection of crop species and agronomic practices, especially in low 
rainfall areas (FAO, 1986).    
  
Rainfall is characterized by spatial and temporal variation, particularly In the 
dry lands. Drought period occur in the  United States, the cycle of drought 
seems to be about 20 to 30 years as there were severe dry years in the 1870s, 
1900s, 1930s, 1950s and 1970s (Cunningham, 2001). Mainguet (1991) 
mentioned that African droughts are a recurring phenomenon but, do not 
show any periodic behaviour of useful predictive value. Nicholson (1980) 
mentioned that the normal coefficient of variability of rainfall for Africa 
south of the Sahara is between 20-30% and of 3-5 rainy season months.  
 
In the twentieth century, Sudan has witnessed several cases of drought 
cycles. A wide spread severe drought in 1983-1984 affected the human and 
the natural environments and a famous famine was reported during that 
period. In 1990, a drought of less degree of severity occurred. Also the 
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country had witnessed floods caused by the overflow of the Nile River and 
heavy localized torrential rains in 1988, 1994, 1996, 1997-1999 and 2001. 
The distribution of mean annual precipitation over the Sudan tends to follow 
a fairly simple pattern in which the total amount decreases northwards in a 
very marked correlation with the latitudes (El-tom, 1975). 
According to the Sudan Meteorological Authority (SMA, 2007), the 
northern parts of the Sudan rarely receive rains through a belt of summer 
rainfall, its amount increasing southward to almost equatorial type of rain in 
the extreme southwest where dry season is very short. The annual amount is 
zero millimetres in the extreme north of the country rising to 500 mm in 
central Sudan. The coefficient of rainfall variability decreases from north to 
south ranging from 160 to less than 15% (Mohamed and Zahran ,2010).  
2. 2. 1. 2 Solar radiation 
The sun is considered the main source of Solar energy on the earth. During 
daytime hours, the soil surface gains heat by absorbing some of the incident 
solar radiation, and also gains long wave radiation from the atmosphere. The 
net radiation (R) at the land surface as is expressed by the following 
relationship (Adam,  2005): 
R = S – rS + Ld – Lu 
Where: 
S = incident short-wave radiation 
r = Reflection Coefficient 
rS = reflected short-wave radiation 
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Ld = atmospheric long-wave radiation (downward) 
Lu = emitted long-wave radiation from the land surface (upward)  
During night, solar radiation is zero and the equation of radiation balance 
reduces to: 
R = Ld – Lu   
Solar radiation is important in plant growth and development processes. 
Most of solar radiation absorbed by plants is converted into heat energy and 
used for transpiration and the rest is used in photosynthesis to produce  
organic compounds (Monteith, 1973). 
 
2. 2. 1. 3 Temperature 
Air temperature is a very important element in agriculture. All crops have 
minimum, maximum and optimum temperatures for each stage of growth. 
Air temperature also plays an important role in evaporation of water from 
the soil and water surfaces, and transpiration from vegetations. 
Temperatures of dry areas and that of low vegetation cover are high for most 
of the year (Gibbon and Pain, 1988). Observations of hourly values of 
temperatures are needed to determine mean daily temperature which may be 
estimated by the average of maximum and minimum daily temperatures 
(Adam, 2005).    
    
2. 2. 1. 4 Wind 
Wind is an important climatic factor and has considerable effects on plants. 
It affects plants directly by increasing transpiration through delivering heat 
to relatively cool leaves, it causes various kinds of mechanical damages on 
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plant leaves and other plant parts and also it can cover plants by small soil 
particles. High wind speeds may cause flower shedding. When wind travels 
across a hot dry area, and then reaches a cropped area, it results in a high 
evapotranspiration demand (Shawgiet al., 1996). 
 
2. 2. 1. 5 Evaporation 
Evaporation of water from plants, soil, and other water bodies occurs due to 
the difference between the water vapour pressure at these surfaces and that 
of the surrounding atmosphere. Evaporation is increased by high 
temperature wind and low relative humidity (Daubenmire, 1974). 
Evaporation from the soil surface is also affected by the degree of crop 
canopy shading and the amount of water available. Soil texture and structure 
influence evaporation through their influence of water movement and 
surface area (Brady, 1974). In arid and semi-arid areas with much bare soils 
and sparse vegetation or in the early stages of crop growth when only small 
proportion of ground is covered, frequency occurrence of rainfall and its 
duration will control evaporation of water from the crop and soil surfaces 
(Evans, 1962).  
 
2. 2. 2 Plant factors 
2. 2. 2. 1 Transpiration 
Transpiration is the process of vapour removal and vaporization of liquid 
water contained in plant tissues to the atmosphere through stomatal opening. 
The rate of water loss from plant leaf is determined by the differences of 
moisture potential of the leaf and that of the atmosphere, and like direct 
evaporation is affected by various factors including: solar radiation, 
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temperature, wind, soil moisture supply and relative humidity (Jackson, 
1977). 
 
During day time hours and due to high transpiration rate most plants lose 
more water than they can absorb and as a result temporary day-time wilt will 
occur. The lengthening of this temporary day-time wilt will result in 
permanent wilting which leads to plant death. Plants grown in dry areas have 
different mechanisms to control water uptake and losses and that is through 
adapted different morphological and physiological plant features (Hall, 
1978). 
 
 
2. 2. 2. 2 Evapotranspiration 
Evapotranspiration is the combination of the two processes, evaporation and 
transpiration. At early stage of plant growth water is predominately lost by 
soil evaporation, but once the crop is well developed and mostly covers the 
soil, transpiration becomes the main process.  
 
Evapotranspiration is affected by weather parameters and number of crop 
factors among which are crop type, variety and crop development stages. 
 The depth of water needed to meet water loss through evapotranspiration is 
known as crop water requirement (Doorenbos and Pruitt, 1984).  In the case 
of salt-affected soils, leaching requirement is added to evapotranspiration to 
give the crop water requirement. 
 
Crop evapotranspiration under standard conditions refers to the 
evapotranspiration of a crop grown in a large field under optimum soil 
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water, excellent management and environmental conditions, and achieve full 
production under the given climatic conditions (Monteith, 1975):  
   
2. 2. 2. 3 Crop growth stages 
As the crop develops, the ground cover, crop height and the leaf area 
change, and consequently, crop evapotranspiration during various growth 
stages changes. The growing period of a crop can be divided into four 
distinct growth stages: initial, crop development, mid-season and late season 
as follows (FAO, 1984): 
 
i. Initial stage 
This stage begins from planting date to approximately the time when the soil 
surface is hardly covered by the crop or 10 % cover. The length of the initial 
period is highly dependent on, crop variety, planting date and climate. 
 
ii. Crop developmental stage 
From the end of the initial stage to full ground cover (70-80%).  
 
iii. Mid-season stage 
It is the time to start maturity as indicated by discolouring and leaves 
shedding. 
 
iv. Late season stage 
This is indicated by full maturity or harvest time. 
For a cultivar, the duration of different developmental stages depends 
largely on planting date. The vegetative phase may be an extending period 
but flowering and fruiting have a fixed time, an early heading cultivar with 
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pest resistance is important for a soil with low water holding capacity 
(Franquine, 1984). The effect of water deficits on crop yield varies 
depending on the timing and severity of the deficits and on the nature of 
yield in a particular plant (Gibbon and Pain, 1988). 
 
Generally, root development can be seriously impaired by a deficiency of 
moisture during the establishment phase of growth for the different crops. In 
many of the cereals, moisture stress occurring during the vegetative stage of 
growth tends to shorten the growth cycle and hasten the onset of flowering. 
A long drought period after crop establishment results in poor vegetative and 
reproductive yields, and during the flowering period water stresses may 
result in total loss of a cereal crop. In legumes, moisture stress during 
flowering stage may result in partial losses of grain (Jackson, 1977).  
2. 2. 2. 4 Crop coefficient (kc) 
The crop coefficient is the ratio between actual crop evapotranspiration and 
the reference crop evapotranspiration. Values of crop coefficient vary with 
the crop, its stage of growth, the length of the growing season and the 
prevailing weather and climatic conditions where the crop is grown (FAO, 
1986). Crop water requirement varies from crop to crop and from place to 
place. For the same crop, the water requirement varies with its growth stage, 
it increases with the crop age to a maximum point and then it decreases 
when the crop matures (Geoffrey et al., 1978). 
 
2. 2. 2. 5 Cultural practices 
Cultural practices during crop growth vary according to the environment and 
crop nature (Burhan and Hajo, 2000). Besides the natural factors, namely the 
climatic and soils factors, the crop technical package, which includes: land 
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preparation, time of sowing, choice of improved seeds, sowing depth and 
plant population, and the post sowing operations, which include: re-sowing, 
thinning, cultivation, addition of fertilizers and protection from pest and 
diseases are important for economic crop production (ELkhashin and 
Habeeb, 1977). Each technical package affects crop yield in a different way, 
e.g. in groundnut, the use of uncertain seeds reduces crop productivity by 
26% and the late sowing reduces productivity by 74% (Mukhtar and Ali, 
1998).   
 
2. 3 Agronomy of the selected crops: 
2. 3. 1 Millet: 
Scientific name: Pennisetum americanum  .     Family name: Gramineae 
The great numbers of wild and cultivated forms of pearl millet are found in 
West Africa and it has a number of cultivated races. The plant is an erect 
annual grass 0.5-5.0 m tall. It has a variable capacity to produce tillers most 
of which produce an inflorescence at the apex of the plant which varies in 
length from 15-140 cm. The spike emerges approximately 10 weeks after 
sowing and the grains ripen 6 weeks later depending on sowing date 
(Gibbon and Pain, 1988). 
 
Ecologically, the crop usually grown as rain-fed crop in the dry tropics and 
is the most important cereal in the Sahel zone south of the Sahara in Africa. 
In Sudan, it is the second preferable stable food. Millet crop grows more 
rapidly than sorghum, it is grown in areas with low rainfall, less than 400 
mm per year, but it cannot withstand drought as sorghum. 
Millet is often seeded before the rains arrive in order to catch the first 
showers. It is well adapted to light, sandy, low nutrient soil. Little land 
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preparations are carried out, no fertilizer or pesticides are added in the 
traditional sector. Due to uneven ripening, the crop harvest may occur along 
a period of time. Yields are highly variable and may goen down to 100 
kg/fed in average (Abo-ELgasim, 1999). About 96% of the millet crop is 
cultivated in the traditional sub-sector and 95% is in western Sudan. A little 
was done in crop variety improvement, A Elobied Research Station the first 
improved variety Yogandi was introduced in 1981 which matures in 85 
days. Local varieties are Kordofani, Dempi, Aish Barno and Bayoda and 
they are late maturing varieties (Abo-ELgasim, 1999). 
 
2. 3. 2 Sorghum 
Scientific Name: Sorghum bicolor 
Family name: Gramineae 
The great numbers of wild and cultivated forms of sorghum (dura) are found 
in north-eastern Africa. It is an important food crop in many African 
countries and in Sudan it is considered the first important food crop. Most 
local cultivars show well developed adaptation and resistance to pests and 
diseases within their own environment. The plant is a grass that produces 
one or more stems (tillers). It has a well developed rooting system with 
strong lateral adventitious roots. Prop roots are produced at the stem base. 
This deep and extensive root system accounts for the plant’s ability to 
withstand quite severe drought during the early development of the crop. 
The leaves can roll during a drought to reduce transpiration losses.  
 
The time from emergence to maturity may varies, e.g. “Daber” is a late 
maturing variety as flowering occurs after 84 days, “Gadam el hamam” and 
“Wad Ahmed” flower after 70 days and the early maturing “white short 
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Maylo” flowers in 55 days. Flowering is usually spread over 6 to 9 days. 
The grain reaches its maximum dry weight in 25 to 55 days after flowering.
Most of the improvement of sorghum cultivars is on the selection and 
breeding of yield, early maturing, plant height, resistance to pests and 
diseases.  
 
Ecologically, sorghum has a wide range of adaptation. It grows well in 
fertile soil under warm conditions. It is considered one of the best cereals for 
poor conditions and uncertain rainfall (Gibbon and Pain, 1988). Sorghum 
grown in the traditional rain-fed sector has a low productivity and is affected 
by many different factors which include: low and variable rainfall, mixed 
varieties and weak cultivation practices. The important local varieties 
include Fatareeta, Korakolo, Wad akar, Mugod, Zerazeera, Safra 
(Mahmoud, 1996) 
 
 
 
2. 4 Crop assessment in Sudan: 
In Sudan, agricultural reports and numbers of crop surveys during the 
growing season are used to estimate crop yield. Early in 1961, Statistics 
Division of the Sudan Agricultural Economic Authority together with FAO 
Kharoum Office, used crop cutting survey method to estimate wheat 
production, which was grown in the Northern state. In the next year, the 
production of wheat grown in El-Managil area was estimated using the same 
method, and during the period 1985-1990, crop cutting survey method was 
used to determine the production of sorghum and millet traditionally grown 
in Kordofan and Darfur regions. During 1990-1992, the crop cutting 
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methods were used to determine yields of all wheat and sorghum grown 
mechanized areas (Hassan, 2001). 
    
In late 1990s the Ministry of Agriculture and Forests and the States' 
Ministries of Agriculture, Animal resources and Irrigation conducted a 
survey to estimate the area actually planted per crop at the beginning of the 
season. A second survey was done later on at crop maturity with crop cutting 
to estimate the expected production. The results of the State Ministries were 
assembled in the Ministry of Agricultural and Forests and analyzed for final 
results, i.e. the mean of total cultivated areas, total expected harvested areas 
and the expected yield (Mahagoob and Saror, 2001). The results of crop 
assessment are used for food predictions (Mahagoob and Sarowr, 2005). 
  
In traditional rain-fed sub-sector, total crops per area are uncertain; too much 
land is cleaned in an exceptionally good rainy year. In a dry or normal year, 
farmers try to maintain their total yield by cultivating a larger area 
(Mainguet, 1991). In most areas of the traditional rain-fed sub-sector, crop 
assessments depend on average yield of last yeas (Anonymous, 2005). 
 
2. 5 FAO water index and crop yield: 
The crop yield is expressed as percentage or relative yield which is the 
average of three best years for a period of ten years and compared with the 
FAO water index according to the following scale (FAO, 1984): Table 2.1 
FAO water index and crop yield scale 
Yield percentage (%)   Qualitative  Water index (WI%) 
100  Very good 100 
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90 – 100  Good  95 – 99  
50 – 90  Average 80 – 94  
20 – 50  Mediocre  60 – 79 
10 – 20  Poor  50 – 59 
10 and less  Complete failure  Less than 50 
  
The water requirement satisfaction index has been used in different 
countries. In Zimbabwe, since 1988 the water index model has been used to 
assess crop yield at the regional and district level for the national early 
warning programme (NEWU, 1990). In Ethiopia, district level sorghum crop 
yield data (1996-1999) were used to evaluate the performance of the model. 
A significant correlation between the index and sorghum yield was found 
especially in dry districts (R2 =0.77), in areas of 100% water index, the 
reduction in yield was attributed to factors other than water stresses such as 
crop inputs, crop management and pest damage (Anonymous, 2002). In 
Botswana, where average annual rainfall is lower than 500 mm, the 
following quantitative relation between water index (WI) and relative yield 
of sorghum (Y) for various provinces over the years 1978/79 to 1982/83 was 
found (FAO 1986): 
Y% = 0.05 (WI – 48)1.925 
(R2= 0.93) 
In Sudan, in the year 2000, the FAO method was used to assess sorghum 
yield in mechanized rainfed sub-sector in Al-Gadarif, Al-Damazin and Kosti 
areas. The results showed that crop yield may be attributed to  factors other 
than rainfall or water index (Hashim and Mustafa, 2007). Also, when 
applying the water index model in assessing millet yield in Al-Obeid and Al-
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Fashir, the results showed that water index is a better indicator for 
monitoring and forecasting yield than the seasonal amount of rainfall 
(Mustafa and Hashim, 2007). Mohamed (2002) used the FAO index in 
assessing sorghum yield in Al-Gedarif State. Unavailability of accurate yield 
data to district level was the main problem in these three studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter Three 
Materials and Methods 
3.1 The study area 
The White Nile State covers an area of 40060.45 km2 and lies between Lat. 
11°  55 48, and 15°  10 48 E and Long. 31°  3and 33°  15 N (Africover.  2001). 
It is located in the arid and semi- arid zones of central Sudan. The mean 
rainfall ranges between 200 and 500 mm and within this range it increases 
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southwards. As in all arid and semi-arid zones, the amount and distribution 
of rainfall are unpredictable and subject to fluctuations, while the occurrence 
of drought is more frequent. The main soil orders of the State are Vertisols, 
Aridisols and Entisols. The land is level in most cases, with no clear 
undulations, except where there are dunes``Qoz``. 
 The sandy areas are mainly an outcome of erosive winds. They appear in 
the form of elongated and scattered sand dunes or flat sandy plains. The area 
has high degree of water percolation. Along the courses of the streams and 
``khores`` the beds are full of residual gravels and sands. In the south the 
soil has more clay contents (Gaiballa and Farah, 2004). 
 
The State is characterized by diverse natural resources including agricultural 
lands, rangelands, water, fishery resources and rich livestock population, 
which is estimated as seven millions heads. The State contributes, 
significantly, to the national economy in terms of livestock exports; 
moreover it is the main area of sugar production in the country.  
Nomadic transhumance pastoralism and livestock  raising, in general, is 
considered as the most efficient and reliable form of land use in the northern 
and western parts of the State, in addition to dura and millet production; but 
sometimes these completely fail, especially, during drought periods 
(Scoones1995). 
 
 
3.2 Materials 
3.2.1 Climatic data 
Long-term (normal) (1971-2000) mean monthly rainfall and potential 
evapotranspiration (ETo) data of Kosti  (Lat. 13  10 ° ' N, long. 32°  40' E, 
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Alt.380 m) and El-Duiem (Lat.13° 59' N, Long. 32° 20' E, Alt.380 m) 
meteorological stations (Table 3.1) were obtained from the Sudan 
Meteorological Authority (SMA). These data were required for delineation 
of the growth periods of the crops.  
 
Mean dekadal rainfall and potential evapotranspiration (ETp) data for Kosti 
(Tables 3.2 and 3.3) and El Duiem (Tables 3.4 and 3.5) were obtained from 
SMA for each rainy season during the period (1991 – 2000). These data 
were used for the calculation of the water satisfaction index (WSI) for each 
of the ten seasons. 
 
3.2.2 Crop data 
Mean crop yield data, for the period (1991 – 2000) were obtained from the 
Ministry of Agriculture, Animal Resources, and Irrigation of the White Nile 
State (Tables 3.6)  
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Table 3.1. Mean monthly normal rainfall mm potential evapotranspiration 
(ETp) for Kosti and El-Duiem Meteorological Stations during the period 
(1971-2000) 
Month Rainfall (mm) ETp (mm) 
 Kosti El-Duiem Kosti El-Duiem 
January    0.1    0.1 174 167 
February    0.0    0.0 216 199 
March    0.0    0.1 246 235 
April    1.7    0.4 260 274 
May  19.5    8.8 250 263 
June  35.6  14.5 264 260 
July 101.0  69.2 200 218 
August 115.5 112.9 166 186 
September  63.4  30.8 155 185 
October     7.6    4.1 141 174 
November    2.3    0.6 148 171 
December    0.0    0.0 151 143 
The altitude of both Kosti and EL-Dueim is 380 m above M.S.L. 
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Table 3.2. Dekadal rainfall mm for Kosti Meteorological Station for each 
year during the period (1991-2000) 
Dek. 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
18   0.0   1.3  23.3   7.6   0.0 38.2   5.1   0.0 40.3   2.4 
19   0.7 20.3    1.0 21.3 44.8   6.7 23.0   3.2 13.3 17.5 
20 10.0 20.5  73.4 19.0   1.6 95.1 39.3  62.1 10.0 42.3 
21 11.2 15.4 117.7 48.3 37.0 73.8   8.2  63.9   0.0 72.4 
22 46.1 37.6  39.3 98.0 21.1 24.4 79.9  12.1 46.9 34.3 
23 31.4 22.8  97.8 39.6 69.3 35.9 44.4  16.8 16.0 27.3 
24 54.4   2.3  73.8   2.2 66.1 35.8   4.1 110.1 77.7 16.0 
25   0.7 19.6  45.0 78.5   7.6 30.3   9.0  85.5 48.6 96.0 
26   3.2   0.5    7.0   0.0   0.4 40.2 13.0    4.3 25.4 12.5 
27   0.0   0.0    0.0   2.0   0.3   0.0   8.2    1.8   8.7   0.9 
28   0.0   1.2    0.0   4.0   0.0   0.0 13.0    1.5 56.0   0.2 
29   3.2   0.0    0.0   0.0   2.5   1.3   0.0    0.8 35.9   0.0 
30   0.0   4.0    0.0   0.0   0.0   0.0   2.1    0.0 21.3   0.0 
31   0.0   0.0    0.0   0.0   0.0   0.0   4.2    0.0   9.1   0.0 
32   0.0   0.0    0.0   0.0   0.0    0.0   0.0    0.0   1.5   0.0 
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Table 3.3. Dekadal potential evapotranspiration (ETp)mm for Kosti 
Meteorological Station for each year during the period (1991-2000) 
Dek. 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
18 90 95 90 86 85 80 82 95 85 90 
19 66 75 74 70 69 76 68 75 74 76 
20 66 65 63 62 63 58 64 65 63 67 
21 65 71 61 63 64 66 70 71 67 59 
22 52 65 55 53 57 51 56 65 53 51 
23 51 66 50 50 57 49 50 66 49 50 
24 56 74 51 55 60 53 62 74 53 60 
25 55 59 46 50 51 48 58 59 46 55 
26 55 59 52 51 51 48 55 59 47 50 
27 59 56 53 54 56 50 60 56 47 53 
28 45 48 46 49 48 46 46 48 39 45 
29 44 47 46 47 48 46 45 47 48 45 
30 50 54 51 53 54 49 48 54 48 50 
31 54 50 51 53 54 49 48 54 48 48 
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Table 3.4. Dekadal rainfall for EL-Duiem Meteorological Station during for 
each year during the period (1991-2000) 
Dek. 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
18    0.0   0.0   7.0 31.2   17.7  77.3   0.5  32.8  51.5    0.0 
19    0.0 62.5 17.0   0.0 162.0    9.6   0.0  71.7  31.1  14.0 
20    4.0 33.5 52.8 28.0   37.8  41.2   0.0    0.0  52.0  36.8 
21    6.5 20.7 32.2 61.6     1.0  28.1   2.2 104.7 125.5  39.1 
22 149.0 21.0 55.0 99.6   27.0  35.0   6.2  45.7  42.0  28.1 
23  17.0 21.9   0.0 16.0     0.0    0.0   0.0  15.5    7.5  13.9 
24  32.0 15.5 11.8 42.0     0.2    0.0   0.0    0.0    6.0    0.0 
25    0.0 29.0   0.0 25.0     0.0    0.0   0.0  14.8    3.0  30.2 
26  13.0 13.8   1.0   0.0     0.0    0.0   0.0    0.0  20.5    9.2 
27    0.0   0.0   0.6 13.7     4.0    0.0   0.0    0.0    0.0    0.0 
28    0.0   0.0   0.0   0.0     0.0    0.0   0.0    0.0    0.0    0.0 
29    0.0   1.6   0.0   3.2     0.0    0.0   0.0    0.0    0.0    0.0 
30    0.0   0.0   0.0   0.0     0.0    0.0   0.0    0.0    0.0    0.0 
31    0.0   0.0   0.0   0.0     0.0    0.0   0.0    0.0    0.0    0.0 
 
 
 
 
 
 
 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
 
 
 
 
 
 
 
 
Table 3.5. Dekadal potential evapotranspiration (ETp)mm for EL-Duiem 
Meteorological Stations during the period (1991-2000) 
dekad 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
18 86 90 88 86 88 81 87 92 87 86 
19 80 71 76 74 73 79 74 78 76 78 
20 72 68 69 67 69 71 68 69 68 71 
21 76 73 76 64 73 75 78 74 70 67 
22 61 59 64 56 58 61 61 67 58 59 
23 59 56 57 53 59 59 58 68 55 58 
24 66 64 65 62 69 62 70 78 60 71 
25 65 59 56 58 58 56 67 67 52 61 
26 67 61 63 64 62 61 65 68 59 63 
27 64 65 65 62 68 63 70 66 60 63 
28 56 55 56 57 58 55 58 59 52 53 
29 55 53 57 55 58 57 56 58 51 54 
30 63 64 63 65 66 62 62 67 61 61 
31 63 64 63 65 66 62 62 67 61 61 
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Table 3.6. The yields (kg/fed) of millet and sorghum in the mechanized and 
traditional sub-sectors in the White Nile State for the period 1991-2000  
 
Year 
Millet Sorghum 
Mechanized Traditional Mechanized Traditional 
1991 100 500 350 400 
1992 30 200 300 400 
1993 200 300 300         300 
1994 100          400 500 500 
1995 140          300 400 400 
1996 500 300 300 400 
1997 550          500 400 700 
1998 250 700 400 500 
1999 300 500 300 500 
2000 350 400 400 300 
 
3. 3 Methods 
3. 3 Determination of the growth periods of crop development  
were determined from mean normal seasonal rainfall (Pn) and potential 
evapotranspiration (ETp) as given by Cocheme and Franquine (1967). The 
following four growth periods are delineated from a normal plot of Pn, ETp, 
ETp /3 and ETp /10:  
 
· Land preparation (A):    
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       0.1 ETp < Pn < 0.5 ETp  
 
· Intermediate period (s) (C1,C2): 
0.5 ETp < Pn < ETp 
· Wet period (B): 
                           Pn > ETp 
 
The two intermediate periods plus the wet period (B) represent the crop 
growth period (D). Crops are seeded at the first intermediate period, and at 
the second (if any) the crop reaches the maturity stage.  Under the dry 
conditions of Sudan Mohamed and Mustafa (2009) used 1/3 ETp in place of 
0.5 ETp.  
3. 3. 2 FAO Methodology for crop water requirement satisfaction index: 
Frere and Popov (1976) method was  by FAO(1986) for monitoring and 
forecasting the yields of millet and sorghum,  which were traditionally 
grown in the White Nile State  during the period (1991-2000). The 
methodology is based on dekadal cumulative water balances of the 
cultivated crop over the whole growing season .The data were prepared 
dekade-wise during the growing season, i.e. from 1 to 10, 11 to 20 and from 
21 to the end of the month. This data were placed in the first column. The 
calculation of the water satisfaction index (WSI) was made dekad-wise in a 
table as follows: 
 
a. Number of dekads 
The first column shows the consecutive numbers of dekads according to 
crop life cycle, which is 90 days for millet and 100 days for sorghum. 
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b. Actual observed rainfall (Ra) 
The second column shows actual rainfall during the growing season in 
successive dekads. 
  
c. Potential Evapotranspiration (ETp) 
Third column shows potential evapotranspiration (ETp) in successive 
dekads. 
  
d. Crop coefficients (Kc) 
Crop coefficients for sorghum and millet, in successive dekads, were 
calculated by procedure described by Doorenbos and Pruitt (1984). 
 
e. Water requirements (WR) 
Column number five shows the amount of water that is required by the crop 
during the growing season.  It was calculated by the following equation:  
WR = Kc x ETp 
 
f. Differences between actual rainfall and crop water requirements (Ra 
– WR) 
Column number six shows differences between actual rainfall and crop 
water requirements. 
 
g. Soil water reserves (SWR) 
The seventh column shows the quantity of SWR which is estimated as SWR 
in the previous dekad plus (Ra-WR) of the current dekad.  
 
h. Surpluses and Deficits of Water (S/D) 
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The eighth column shows surpluses or deficits of water (S/D) in relation to 
the water balance and the soil water capacity. Water in excess of the 
available water is assumed to be lost by deep percolation. 
   
i. The water satisfaction index" (WSI %) 
The WSI is presented in the ninth column. When there is no moisture deficit 
the index is equal to 100. When is deficit the WSI is calculated by the 
following relationship? 
                                            WSI = 100 - D/WRt 
Where WRt = total seasonal water requirement 
The index of the last dekad in the growing season reflects the cumulative 
water stress endured by the crop and is used as an indicator for forecasting 
crop yield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Please purchase PDFcamp Printer on http://www.verypdf.com/ to remove this watermark.
 
 
 
 
 
 
 
 
 
 
 
 
Chapter Four 
 
Results and Discussions 
4. 1 Sowing dates and length of the growing season 
4.1.1. Kosti 
Fig. 4.1 shows the growing season in Kosti area as predicted from the 
distribution of normal rainfall and potential evapotranspiration. The graph 
shows that the preparation period begins at about the end of first dekad of 
May and ends at about the first dekad of July. The growing season does not 
show a wet period, i.e. where Pn > ETp. However, there is a long growing 
season of about 90 days almost double the growing season of Kosti  
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Fig.4. 1. Distribution of normal rainfall (Pn) and potential 
evapotranspiration (PET) for delineating the growth periods of Kosti area 
 
 
 
 
4.1.2. El-Dueim  
Fig. 4.2 shows the growing season of El-Dueim as predicted from the 
distribution of normal rainfall and potential evapotranspiration. The graph 
shows that the preparation period started in the second dekad of June and 
ended at about the end of the second dekad of July. The plot does not show a 
wet growth period where Pn > ETp. However, there is an overall growth 
season starting from the end of the second dekad of July up to second dekad 
of September. The growth season is classified as intermediate. This explains 
that the length of the growing season at EL-Dueim is about 60 days. 
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Therefore, growing crops live only by the available moisture stored in the 
root zone after stopping of rainfall 
 
 
Fig.4. 2. Distribution of normal rainfall (Pn) and potential evapotranspiration 
(PET) for delineating the growth periods of El-Dueim area 
 
 
 
 
4. 2 .Crop coefficient 
Crop coefficient (Kc) values for millet and sorghum obtained by the FAO 
procedure are presented in Table 4.1.  
Table 4.1 Dekadal crop coefficients for millet and sorghum  
 
Dekad 
Crop coefficients 
Millet Sorghum 
 Kosti EL-Dueim Kosti EL-Dueim 
18 0 0 0 0 
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19 0.42 0.42 0.42 0.45 
20 0.42 0.42 0.42 0.45 
21 0.42 0.42 0.42 0.45 
22 0.70 0.71 0.54 0.56 
23 1.10 1.10 0.77 0.80 
24 1.15 1.15 1.20 1.03 
25 1.15 1.15 1.15 1.15 
26 1.15 1.15 1.15 1.15 
27 1.15 1.15 1.15 1.15 
28 0.96 1.02 1.15 1.15 
29 0.60 0.80 1.0 1.05 
30 0.26 0.55 0.7 0.85 
31 - - 0.4 0.65 
 
4. 3 Water balance and crop water requirement satisfaction index 
Water balance and crop water requirement satisfaction index were calculated 
for millet and sorghum crops traditionally grown in White Nile State for the 
period (1991-2000) using the FAO-method. For White Nile State 
meteorological information’s of Kosti and EL-Dueim stations were taken to 
calculate the water balance and water requirement satisfaction index for the 
two mentioned crops. 
Results for the period 1991-1999 are shown in Annex tables. Results of 
season 2000 are given as an example in the main text.  
 
4.3.1. Kosti 
4. 3. 1. 1. Millet  
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Table 4.2 shows the calculations of water balance and the water requirement 
satisfaction index (WSI) of millet in Kosti in season 2000.  
 
Table 4.2. Calculation of water requirement satisfaction index of millet in 
2000                    season in Kosti, White Nile State* 
Dekadl Ra 
mm 
ETp 
mm 
Kc Wr 
mm 
Ra-Wr 
mm 
Rs D mm WSI 
18   2.4 54.0 0 0    2.4 2.4 0 0 
19 17.5 60.8 0.42 25.54 -  8.04 -5.64 -5.64 99 
20 42.3 53.6 0.42 22.51   19.79 14.15 0 100 
21 72.4 47.2 0.42 19.82   52.58 66.73 0 100 
22 34.3 61.2 0.70 42.84 -   
8.54 
58.19 0 100 
23 27.3 60.0 1.10 66.00 - 
38.70 
19.49 0 100 
24 16.0 72.0 1.15 82.80 -66.80 -47.31 -47.31 91 
25 96.0 60.5 1.15 69.58 26.43 -20.89 -20.89 96 
26 12.5 55.0 1.15 63.25 -50.75 -71.64 -71.64 87 
27   0.9 58.3 1.15 67.05 -66.15 -
137.78 
-
137.78 
75 
28   0.2 51.5 0.96 49.44 -49.24 -
187.02 
-
187.02 
66 
29   0 51.5 0.6 30.90 -30.90 -
217.92 
217.92 60 
30   0 35.0 0.26 9.10 -9.10 -
227.02 
-
227.02 
59 
 321.8   548.82     
*Dekad = 9, 10 or 11 days according to the month, Ra: actual rainfall, ETp: potential 
evapotranspiration, Kc: crop factor, Wr: crop water requirement, Rs: crop water reserve, 
D: deficit, WSI: water requirement satisfaction index. 
 
The data show that in dekad 19 there was a soil water deficit equal to 5.64 
mm; and this reduced WSI by about 1% giving an index equal to 99%. From 
dekad 20 to dekad 23, there was no water deficit and consequently the WSI 
was equal to 100%. In dekad 24 there was a soil water deficit equal to 47.3 
mm and this reduced WSI by about 9% yielding an index equal to 91%. 
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Dekad 25 gave a water deficit equal to 20.9 mm and reduced the WSI to 
96%. Dekad 26 gave a water deficit equal to 71.6 mm and reduced WSI to 
87%. In Dekad 27 the water deficit was equal to 137.8 mm giving a WSI 
equal to 75%. In dekads 28, 29 and 30 the water deficits were equal to 187, 
217.9 and 227.0 mm, respectively, yielding WSIs equal to 66, 60, and 59%, 
respectively.  Thus, WSI by the end of the season was equal to 59%. This 
final WSI may be used as an indicator of crop yield at the end of the season. 
 
Table 4.2 shows the seasonal WSI, yield (mechanized), total annual rainfall, 
ETp, water excess/deficit (S/D) and the total water requirement (Wrt) of 
millet for the period 1991-2000. The data show that the total rainfall ranged 
from 145.5 mm in 1992 to 447.7mm in 1993 with a mean of 299.1 mm and 
C.V. of about 34%. Seasonal ETp ranged from 643.1 mm in 1999 to 773.5 
mm in 1998 with a mean of 696.4 mm and C.V. of about 6%. The Wrt of 
millet ranged from 479.7 mm in 1999 to 603.6 mm in 1998 with a mean of 
532.3 mm and C.V. of about 8%. This indicates that the seasonal rainfall 
variation was moderate during this decade; where as the variation in the 
seasonal ETp and Wrt were low. The crop water deficit ranged from 204 mm 
in season 1993 to 2621 mm in 1992.  
 
There was excess water in the years 1993, 96, 98, 99, and 2000.  
 
However, this excess occurs at the beginning of the season and since the soil 
has more clay contents, this excess water was conserved for later use.  
 
For the period 1991-2000 there was no water deficit from dekad 19 to dekad 
23 (1993), from dekad 19 to dekad 24 (1994), from dekad 19 to dekad 
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21(1995), from dekad 19 to dekad 26(1996) , from dekad 19 to dekad 23 
(1997) , from dekad 20 to dekad 22 (1998), from dekad 19 to dekad 20 
(1999), from dekad 20 to dekad 23 (2000) in millet except in season 1991, 
92.  
 
Table4.3. Seasonal water satisfaction index (WI), yield (mechanized), 
rainfall, potential evapotranspiration (ETp), water excess or 
deficit (S/D) and water requirement (Wrt) of millet at Kosti 
during the period 1991-2000. 
Season WSI (%) 
Yield 
(Kg/fed.) 
Rainfall 
(mm) 
ETp 
(mm) 
Wrt. 
(mm) 
S/D 
(mm) 
1991 91 100 160.9 685.6 526.1 -1557 
1992 24 300 145.5 767.5 596.7 -2621 
1993 85 200 447.9 665.8 499.6 -  204 
1994 52 100 272.2 672.0 510.3 -1012 
1995 48 140 250.7 685.4 522.4 -1288 
1996 73 500 381.7 650.9 491.7 -  443.2 
1997 46 550 249.3 700.0 543.9 -1475 
1998 60 250 361.2 773.5 603.6 -1137 
1999 83 300 400.1 643.1 479.7 -  676.2 
2000 59 350 321.8 720.6 548.8 -  479.4 
Mean 62.1 279 299.1 696.4 532.3 - 
STD 20.9 155.9 101.0   45.1   41.8 - 
Max. 91 500 447.7 773.5 603.6 -  404.0 
Min. 24 100 145.5 643.1 479.7 -2621 
C.V. 32 56 34 6 8  
 
Yield of millet ranged from 100 kg/fed in 1991 and 1994 to 500 kg/fed in 
1996 and C.V. of about 56%. The crop water index ranged from 24% in 
1992 to 91% in 1991 with a mean of 62.1 and C.V. of about 34%.  
 
Fig. 4.3 shows a slight increase in yield followed by gradual decrease with 
further increase in WSI. Furthermore, the plot shows that there was no 
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significant correlation (r = 0.278) between WSI and the mechanized millet 
yield in Kosti area.  
                      
y = -0.07x2 + 6.9469x + 144.94
R2 = 0.0773
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Fig 4.3. Mechanized millet yield as a function of water satisfaction index 
                      (WSI) for Kosti area 
 
Under the rain-fed farming system crop yield is predominantly affected by 
the quantity and distribution of rainfall and their potential to satisfy the 
varying water requirements at the different stages of crop development. The 
assessment of the WSI assumes these two main factors. According to the 
theory, the crop yield should increase with increase in WSI. The decrease 
may be due to other factors that affect crop yield but were not considered in 
the calculation of WSI, such as pests and diseases. Excessive rainfall at 
critical stages may reduce crop yield. According to theory moisture contents 
greater than field capacity were assumed to be lost by deep percolation. 
Furthermore, some other factors are associated with annual variation in 
agronomic practices such as sowing date and crop varieties. Another reason 
for the lack of correlation may be due to the imprecision of yield assessment 
data.          
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Table 4.3 shows that millet yield (kg/ha) in the traditional sector in Kosti 
area ranged from 200 (1992) to 700 kg/ha (1998), with a mean of 410 kg/ha. 
The Coefficient of variation of millet yield was 35%, which is almost similar 
to that of rainfall.  
 
Table 4.4. The seasonal millet yield (kg/ha) in the traditional sector in Kosti 
area  
Year 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 Mean 
Yield  500 200 300 400 300 300 500 700 500 400 410 
 
Fig. 4.4 shows that the relationship between millet yield and the WSI in the 
traditional sector was similar to that in the mechanized sector and can be 
explained in the same manner. Again there was no significant correlation (r 
= 0.278) between WSI and millet yield in Kosti area. The plot shows a 
decline in crop yield with increase in WSI.  
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Fig. 4.4. Traditional Millet yield as a function of water satisfaction index 
(WSI) for Kosti area 
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4. 3. 1. 2. Sorghum 
Table 4.4 shows the calculations of water balance and water satisfaction 
index of sorghum in Kosti in season 2000. The data show that there was no 
water deficit from dekad 20 to dekad 23 and consequently the water 
satisfaction index (WI %) was equal to 100%. In dekad 19 there was a soil 
water deficit equal to 5.34 mm and this reduced WSI by about 1% showing 
an index equal to 99%. Dekad 24 there was a soil water deficit equal to 
21.02 mm and this reduced WSI by about 4% showing an index equal to 
96%. Dekad 25, Ra-Wr was 46.43 mm, i.e. there was no deficit and WSI 
equal to 100%.Dekad 26 shows water deficit equal to 45.35 mm and reduced 
WSI to 92%. In Dekad 27 shows water deficit equal to 111.5 mm and 
reduced WSI to81%. Dekad 28 shows a deficit equals 170.5 mm which 
reduced WSI to70. Dekad 29 shows a deficit equals 222 mm which reduced 
WSI to 61%. Dekad 30 shows a deficit equals 246.5 mm which.  
  
Table 4.5.Calculation of the water requirement satisfaction index of 
sorghum (mechanized) in 2000 season in Kosti, White Nile State. 
Dekad Ra mm Etp 
mm 
Kc Wr 
mm 
RaWrm
m 
Rs D mm WSI 
18 2.7 54 0 0.00 2.70 2.7 0 100 
19 17.5 60.8 0.42 25.54 -8.04 -5.34 -5.34 99 
20 42.3 53.6 0.42 22.51 19.79 14.45 0 100 
21 72.4 47.2 0.42 19.82 52.58 67.03 0 100 
22 34.3 61.2 0.54 33.05 1.25 68.28 0 100 
23 27.3 60 0.77 46.20 -18.90 49.38 0 100 
24 16 72 1.2 86.40 -70.40 -21.02 -21.02 96 
25 96 60.5 1.15 69.58 26.43 5.41 0 100 
26 12.5 55 1.15 63.25 -50.75 -45.35 -45.35 92 
27 0.9 58.3 1.15 67.05 -66.15 -
111.49 
-
111.49 
81 
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28 0.2 51.5 1.15 59.23 -59.03 -
170.52 
-
170.52 
70 
29 0 51.5 1 51.50 -51.50 -
222.02 
-
222.02 
61 
30 0 35 0.7 24.50 -24.50 -
246.52 
-
246.52 
57 
31 0 20 0.4 8.00 -8.00 -
254.52 
-
254.52 
56 
 322.1   576.62     
Abbreviations as in Table 4.1 
 reduced WSI to 57%. Dekad 31shows a deficit equals 254.5 mm which 
reduced WSI by about 1. 
 
Thus, WSI by the end of the season was equal to 56%. This final water 
requirement satisfaction index may be used as an indicator of crop yield at 
the end of the season. 
 
Table 4.6. Seasonal water satisfaction index (WI), yield (mechanized), 
rainfall,  potential evapotranspiration (ETp), water excess or deficit (S/D) 
and  water requirement (Wrt) of sorghum at Kosti during the period 1991-
  2000. 
Season WI % Yield (Kg/fed.) 
Rainfall 
(mm) 
ETp 
(mm) 
Wrt. 
(mm) 
D 
(mm) 
1991 30 350 160.9 710.8 543.4 -2310 
1992 24 300 145.5 793.1 608.9 -2867 
1993 77 300 425.6 691 517.1 -397.9 
1994 51 500 272.2 698 530.5 -1172 
1995 48 400 250.7 681.8 526.9 -1315 
1996 71 300 381.7 675.7 509.7 -537.4 
1997 45 400 253.5 719.2 558.2 -1651 
1998 60 400 361.2 787.1 606.5 -1139 
1999 83 300 409.2 662.3 492.2 -595 
2000 56 400 322.1 740.6 576.6 -1077 
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Mean  54.5 365 298.3 716.0 547.0 = 
Sd. 19.1   66.9   98.4   45.1   39.9 = 
Max. 83 500 425.6 793.1 608.9 -397.9 
Min. 24 300 145.5 662.3 492.18 -2867 
C.V. 35 18 33 6 7  
      Abbreviations as in Table 4.1  
 
 
 
Table 4.5 presents the seasonal data for sorghum in the mechanized sector. 
The data show that the total rainfall ranged from 145.5 mm in 1992 to 425.6 
mm in 1993 with a mean of 298.3 mm and C.V. of about 33%. Seasonal 
ETp ranged from 662.3 in 1999 to 793.1 mm in 1992 with a mean of 716.0 
mm and C.V. of about 6%. The Wrt of sorghum ranged from 492.2 mm in 
season 1999 to 608.9 mm in 1992 with a mean of 547 mm and C.V. of about 
7 %. The crop water deficit ranged from 2867 in 1992 to 397.9 mm in 
season 1993. The data show that there was no water deficit from dekad 20 to 
23 in most seasons for the period 1991-2000. 
 
 Yield of sorghum ranged from 200 kg/fed in 199 to 500 kg/fed in 1994 with 
a mean equal to 365 kg/fed. and C.V. of about 18 %. The WSI ranged from 
24% in 1992 to 83% in 1999 with a mean of 54.5 and C.V of about 35%.  
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Fig. 4.5. Mechanized sorghum yield as a function of water satisfaction 
  index (WSI) for Kosti area 
Fig. 4.5 shows that there was a significant quadratic correlation (r = 0.833) 
between WSI and mechanized sorghum yield in Kosti area.  
However, the plot shows an initial increase in yield with increase in WSI 
reaching a maximum and then sorghum yield decreased with further increase 
in WSI. The pattern of the variation of yield with WSI was qualitatively 
similar to that for millet in both sectors. The difference is that the 
relationship is significant.  
 
Table 4.6 shows that sorghum yield (kg/ha) in the traditional sector in Kosti 
area ranged from 300 (1993) to 700 kg/ha (1997), with a mean of 440 kg/ha. 
The Coefficient of variation of millet yield was 27%.  
 
Table 4.7.The seasonal sorghum yield (kg/ha) in the traditional sector in 
Kosti  area  
Year 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 Mean 
Yield  400 400 300 500 400 400 700 500 500 300 440 
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Fig. 4.6 depicts a slight increase in yield with increase in WSI followed by a 
decrease with further increase in WSI. The pattern of the variation of yield 
with WSI was qualitatively similar to that for sorghum and millet in both 
sectors. However, there was no significant correlation (r = 0.225) between 
WSI and traditional sorghum yield in Kosti area. 
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Fig. 4.6. Traditional sorghum yield as a function of water satisfaction 
index(WSI) for Kosti area 
 
4. 3. 2.  EL-Dueim  
4. 3. 2. 1. Millet 
Table 4.8 shows the calculations of water balance and satisfaction index of 
millet in EL-Dueim in season 2000. The data show that there was no water 
deficit in dekads 18, 20 and 21 and consequently the water satisfaction index 
(WSI) was equal to 100%. In dekad 19 there was a soil water deficit equal to 
12.2 mm and this reduced WSI by about 2% showing an index equal to 98%. 
In dekad 22 there was a soil water deficit equal to 4.8 mm, which reduced 
the WSI by about 1% showing an index equal to 99%. Dekad 23 shows a 
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water deficit equal to 67.5 mm, which reduced WSI to 89%. Dekad 24 
shows a water deficit equal to 165.5 mm and reduced WSI to 74%. Dekad 
25 shows water deficit equal to 212.5 mm and reduced WSI to 66%. Dekad 
26 shows water deficit equal to 282.9 mm and reduced WSI to 55%. In 
Dekad 27 shows water deficit equal to 362.6 mm and reduced WSI to42%. 
Dekad 28 shows a deficit equals 400.5 mm which reduced WSI to 36%. 
Dekad 29 shows a deficit equals 430.7 mm which reduced WSI to 31%. 
Dekad 30 shows a deficit equals 454.2 mm which reduced WSI by about 4.  
Thus, WSI by the end of the season was equal to 27%. This final water 
requirement satisfaction index may be used as an indicator of crop yield at 
the end of the season. 
 
Table 4.9 shows the ten years data. The seasonal rainfall ranges from 171.3 
(2000) to 339.1 (1999) with a mean of 241.6 mm and a C.V. of 
25%.  The Wrt of millet ranged from 515.7 mm (1993) to 683.4 mm (1998) 
with a mean of 592.3 mm and C.V. of about 9%. This indicates 
 
 
  
 
 
Table 4.8. Calculation of water requirement satisfaction index of millet 
                      (mechanized) in 2000 season in EL-Dueim 
2000 Dekadl Ra 
mm 
ETp 
mm 
Kc Wr 
mm 
Ra-Wr 
mm 
Rs Dmm WSI 
 18 0 51.6 0 0.00 0.00 0 0 0 
 19 14 62.4 0.42 26.21 -12.21 -12.21 -12.2 98 
 20 36.8 56.8 0.42 23.86 12.94 0.74 0 100 
 21 39.1 53.6 0.42 22.51 16.59 17.32 0 100 
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 22 28.1 70.8 0.71 50.27 -22.17 -4.84 -4.8 99 
 23 13.9 69.6 1.1 76.56 -62.66 -67.50 -67.5 89 
 24 0 85.2 1.15 97.98 -97.98 -165.48 -165.48 74 
 25 30.2 67.1 1.15 77.17 -46.97 -212.45 -212.45 66 
 26 9.2 69.3 1.15 79.70 -70.50 -282.94 -282.94 55 
 27 0 69.3 1.15 79.70 -79.70 -362.64 -362.64 42 
 28 0 37.1 1.02 37.84 -37.84 -400.48 -400.48 36 
 29 0 37.8 0.8 30.24 -30.24 -430.72 -430.72 31 
 30 0 42.7 0.55 23.49 -23.49 -454.21 -454.21 27 
Total  171.3   625.51     
Dekad: 9, 10 or 11 days according to the month, Ra: actual rainfall, ETp: potential 
evapotranspiration, Kc: crop factor, Wr: crop water requirement, Rs: crop water reserve, 
D: deficit, WSI: water requirement satisfaction index. 
 
that the seasonal rainfall variation was moderate during this decade, whereas 
the variation in the seasonal ETp was low. The crop water deficit ranged 
from 838.3 mm (1994) to 2393.0 mm (2000). For the period 1991-2000 
there was no water deficit from dekad 22 to dekad 23 (1991), from dekad 19 
to dekad 22 (1992), from dekad 20 to dekad 22 (1993), from dekad 19 to 
dekad 24 (1994), from dekad 19 to dekad 23 (1995), from dekad 19 to dekad 
22 (1996), from dekad 19 to dekad 23 (1998), from dekad 19 to dekad 23 
(1999). From dekad 20 to dekad 21 (2000) in millet except in season 1997. 
Yield of millet ranged from 100 kg/fed (1994) to 550 kg/fed (1998), with a 
mean 282.2 and C.V. of about 58 %. The crop water index ranged from 27% 
in 2000 to 59% in 1996 with a mean of 39.2 and C.V of about 25 %.  
Table 4.9. Seasonal water satisfaction index (WI), yield (mechanized), 
 rainfall, potential evapotranspiration (ETp), water excess or    deficit 
(S/D) and water requirement (Wrt) of millet at EL-Dueim     during the 
period 1991-2000. 
Season WI % 
Yield 
(Kg/fed.) 
Rainfall 
(mm) 
ETp 
(mm) 
Wrt. 
(mm) S/D 
      (mm) 
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1991 41 100 221.5 682.1 542.9 - 1607 
1992 36 300 219.5 759.5 611.3 - 2026 
1993 33 200 177.4 657.8 515.7 - 1672 
1994 59 100 320.3 684.0 538.9 - 838.3 
1995 36 140 249.7 698.5 651.2 - 1704 
1996 31 500 191.2 766.8 613.8 - 1958 
1998 40 550 284.4 837.5 683.4 - 1882 
1999 50 300 339.1 703.9 547.7 - 1106 
2000 27 350 171.3 773.3 625.5 - 2393 
Mean 39.2 282.2 241.6 729.3 592.3 = 
Sd. 9.22 165 61.33 58.04 57.94 = 
Max. 59 550 339.1 837.5 683.4 -838.3 
Min. 27 100 171.3 657.8 515.7 -2393 
C.V. 24 58 25 8 9   
 
Fig. 4.7 shows that there was no significant correlation between WSI and 
mechanized sorghum yield in El-Dueim area and can be explained in the 
same way as the data for Kosti.  
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. Fig. 4.7. Mechanized millet yield as a function of water satisfaction 
indexIn EL-Dueim area 
 
Table 4.10 shows millet yield (kg/ha) in the traditional sector in EL-Dueim 
area ranged from 200kg/fed in 1992 to 700 kg/fed in 1998. The Coefficient 
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of variation of millet yield was 38%, which is almost similar to that of 
rainfall.  
 
Table 4.10. The seasonal millet yield (kg/ha) in the traditional sector in EL-
Dueim area  
Year 1991 1992 1993 1994 1995 1996 1998 1999 2000 Mean 
Yield  500 200 300 400 300 300 700 500 400 400 
 
 
 
y = -0.4339x2 + 42.463x - 560.02
R2 = 0.1865
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Fig. 4.8 Traditional millet yield as a function of water 
Satisfaction index (WSI) for El-Dueim area 
 
Fig. 4.8 shows that there was no significant correlation between WSI and 
Traditional millet yield in El-Dueim area and can be explained in the same 
way as the data for Kosti.  
 
 
 
4. 3. 2. 2. Sorghum 
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Table 4.11 shows the calculations of water balance and satisfaction index of 
sorghum in EL-Dueim in season 2000. The data show that there was no 
water deficit from dekad 19 to dekad 22and consequently the water 
satisfaction index (WI %) was equal to 100%. In dekad 23 there was a soil 
water deficit equal to 15.92 mm and this reduced WSI by about 3% showing 
an index equal to 97%. Dekad 24 there was a soil water deficit equal to 
103.67 mm and this reduced WSI by about 17% showing an index equal to 
83%. Dekad 25 there was a soil water deficit equal to 150.64 mm and this 
reduced WSI by about 25% showing an index equal to 75% Dekad 26 shows 
water deficit equal to 221.13 mm and reduced  
wSI to 64%. In Dekad 27 shows water deficit equal to 300.83 mm and 
reduced WSI to50%. Dekad 28 shows a deficit equals 343.49 mm which 
reduced WSI to43. Dekad 29 shows a deficit equals 383.18 mm which 
 
Table 4.11. Calculation of the water requirement satisfaction index of 
sorghum in 2000 season in EL-Dueim, White Nile State. 
2000 Dekadl Ra 
mm 
ETp 
mm 
Kc Wr 
mm 
Ra-Wr 
mm 
RS D mm WSI 
 18 0 51.6 0 0.00 0 0 0 0 
 19 14 6.24 0.45 2.81 11.192 11.19 0 100 
 20 36.8 56.8 0.45 25.56 11.24 22.43 0 100 
 21 39.1 53.6 0.45 24.12 14.98 37.41 0 100 
 22 28.1 70.8 0.56 39.65 -11.548 25.86 0 100 
 23 13.9 69.6 0.8 55.68 -41.78 -15.92 -15.92 97 
 24 0 85.2 1.03 87.76 -87.756 -103.67 -103.67 83 
 25 30.2 67.1 1.15 77.17 -46.965 -150.64 -150.64 75 
 26 9.2 69.3 1.15 79.70 -70.495 -221.13 -221.13 64 
 27 0 69.3 1.15 79.70 -79.695 -300.83 -300.83 50 
 28 0 37.1 1.15 42.67 -42.665 -343.49 -343.49 43 
 29 0 37.8 1.05 39.69 -39.69 -383.18 -383.18 37 
 30 0 42.7 0.85 36.30 -36.295 -419.48 -419.48 31 
 31 0 24.4 0.65 15.86 -15.86 -435.34 -435.34 28 
Total  171.3   606.64     
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Abbreviations as in Table 4.1  
reduced WSI to 37%. Dekad 30 shows a deficit equals 419, 48 mm which 
reduced WSI to31%. Dekad 31shows a deficit equals 435.34 mm which 
reduced WSI by about 3.  Thus, WSI by the end of the season was equal to 
28%. This final water requirement satisfaction index may be used as an 
indicator of crop yield at the end of the season. 
 
Table 4.12 shows the seasonal WI%, yield (mechanized), total annual 
rainfall, ETp, water excess/deficit (S/D) and the total water requirement 
(Wrt) of sorghum during the period 1991-2000. The data show that the total 
rainfall ranged from 339.1mm in 1999 to 171.3 mm in 2000 with a mean of 
241.6 mm and C.V. of about %. Seasonal ETp ranged from 864.3 in 1998 
to629 mm in 1993 with a mean of 744.7 mm and C.V. of about %. The Wrt 
of sorghum ranged from 688 mm in season 1998 to 524.3 mm in 1993 with a 
mean of 587.8 mm and C.V. of about  %. The crop water deficit ranged from 
922.1 in 1994 to 2374 mm in season 2000. The data show that there was no 
water deficit from dekad 19 to 23 in most seasons for the period 1991-2000. 
Yield of sorghum ranged from 300 kg/fed in 1992. To 500 kg/fed in 1994 
with a mean equal to 361.1 Kg/fed. and C.V. of about 19%. The crop water 
index ranged from 59% in 1994 to 28% in 2000 with a mean of 39 and C.V 
of about 19%.  
 
Fig. 4.9 shows that there was no significant correlation between WSI and 
mechanized sorghum yield in El-Dueim area and can be explained in the 
same way as the data for Kosti.  
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y = 147.74Ln(x) - 177.16
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Fig. 4.9 mechanized sorghum yield as a function of water 
Satisfaction index (WSI) for El-Dueim area 
 
Table 4 .12. Seasonal water satisfaction index (WI), yield (mechanized), 
rainfall, potential evapotranspiration (ETp), water excess or deficit (S/D) 
and water requirement (Wrt) of sorghum at EL-Dueim during the period 
1991-2000.  
Season WI % 
Yield 
(Kg/fed.) 
Rainfall 
(mm) 
ETp 
(mm) 
Wrt. 
(mm) S/D(mm) 
1991 40 350 221.5 707.3 549.45 -1763 
1992 36 300 219.5 785.1 612.05 -2151 
1993 34 300 177.4 629 524.26 -1777 
1994 59 500 320.3 710 547.02 -922.1 
1995 36 400 249.7 722 560.96 -994.7 
1996 31 300 191.2 785.2 619.26 -2240 
1998 41 400 284.4 864.3 687.95 -2006 
1999 47 300 339.1 758.3 590.79 -1431 
2000 28 400 171.3 741.54 606.64 -2374 
Mean 39.1 361.1 241.6 744.7 588.7  
Sd. 9.333 69.72 61.33 65.46 49.82  
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Max. 59 500 339.1 864.3 688 -922.1 
Min. 28 300 171.3 629 524.3 -2374 
C.V. 24 19 25 9 8   
 
 
Table 4.13 shows that sorghum yield (kg/ha) in the traditional sector in El-
Dueim area ranged from 300 (1993) to 500 kg/ha (1999), with a mean of 
440 kg/ha.  
 
Table 4.13. The seasonal sorghum yield (kg/ha) in the traditional sector in 
El-Dueim area  
Year 1991 1992 1993 1994 1995 1996 1998 1999 2000 Mean  
Yield  400 400 300 500 400 400 500 500 300 441.1  
 
 
Fig. 4.10 Traditional sorghum yield as a function of water 
Satisfaction index (WSI) for El-Dueim area 
 
Fig. 4.10 shows that there was a significant quadratic correlation (r = 0.815) 
between WSI and Traditional sorghum yield in El-Dueim area. However, the 
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plot shows an initial increase in yield with increase in WSI reaching a 
maximum  
 
 
 
Chapter Five 
Conclusions and 
 Recommendations 
 
5. 1 Conclusions: 
 - From this study, it can be concluded that according to the FAO method 
crop yield should increase with increase of the WSI. However, the results 
showed that in some cases crop yield decrease with increase in WSI. This 
was attributed to other factors that affect crop yield, but were not considered 
in the calculation of WSI. Furthermore the assessment of crop yield may not 
be accurate 
- The growing season extended for 60 days in AL-Dueim and 90 days in 
Kosti  
-In both Kosti and AL-Dueim the relationships between millet yield and 
WSI in the mechanized and traditional sectors were not significant 
- For sorghum, the relationship between yield and WSI was significant in the 
mechanized sector, but it was not significant in the traditional sector in 
Kosti. The reserve was free in Al-Dueim 
- The FAO WSI is not a good indicator of millet and sorghum yield in both 
Kosti and AL-Dueim  
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5. 2 Recommendations: 
a. Use of improved drought resistant and early maturing varieties of 
millet and sorghum . 
b. Increase agricultural extension services and distribute technical 
farming information among traditional farmers with concentration 
on time of planting.  
c. Distribution of rain-gauges all-around rain-fed agricultural areas 
and making direct link between climate and weather information 
and economic agricultural production based on scientific research 
studies. 
d. Development and improvement of the statistical agricultural 
information system for accurate crop data to be used in precise 
agricultural strategic and future planning. 
e. Making comprehensive work to regulate farming in the traditional 
rain-fed sub-sector especially on marginal lands and shoring 
desertification combating programs and increasing productivity 
through expanding different programs e.g. “the distribution of 
certified and improved seeds to small farmers”. 
f. Finally, to achieve more precise crop assessment and monitoring, 
it is strongly recommended to collect actual crop yield and 
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climatic data of the specified study area test the validity of FAO 
index 
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Appendix 
 
Calculation of the water requirement satisfaction index of melit  seasons 
1991-2000 in Kosti 
1991 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 0 54 0 0 0 0 0 100 
 19 0.7 52.8 0.42 22.18 -21.48 -21.48 -21.48 96 
 20 10 52.8 0.42 22.18 -12.18 -33.65 -33.65 94 
 21 11.2 52 0.42 21.84 -10.64 -44.29 -44.29 92 
 22 46.1 62.4 0.7 43.68 2.42 -41.87 -41.87 92 
 23 31.4 61.2 1.1 67.32 -35.92 -77.79 -77.79 85 
 24 54.4 67.2 1.15 77.28 -22.88 -100.67 100.67 81 
 25 0.7 60.5 1.15 69.58 -68.88 -169.55 169.55 68 
 26 3.2 60.5 1.15 69.58 -66.38 -235.92 -235.92 55 
 27 0 64.9 1.15 74.64 -74.64 -310.56 -310.56 41 
 28 0 31.5 0.96 30.24 -30.24 -340.80 -340.80 35 
 29 3.2 30.8 0.6 18.48 -15.28 -356.08 -356.08 32 
 30 0 35 0.26 9.10 -9.10 -365.18 -365.18 31 
total  160.9   526.08     
          
          
          
1992 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 1.3 57 0 0 1.3 1.3 0 100 
 19 20.3 60 0.42 25.2 -4.90 -3.60 -3.6 99 
 20 20.5 52 0.42 21.8 -1.34 -4.94 -4.94 99 
 21 15.4 56.8 0.42 23.9 -8.46 -13.40 -13.4 98 
 22 37.6 78 0.7 54.6 -17.00 -30.40 -30.4 95 
 23 22.8 79.2 1.1 87.1 -64.32 -94.72 -94.72 84 
 24 2.3 88.8 1.15 102.1 -99.82 -194.54 -194.54 67 
 25 19.6 64.9 1.15 74.6 -55.04 -249.57 -249.57 58 
 26 0.5 64.9 1.15 74.6 -74.14 -323.71 -323.71 46 
 27 0 61.6 1.15 70.8 -70.84 -394.55 -394.55 34 
 28 1.2 33.6 0.96 32.3 -31.06 -425.60 -445.34 29 
 29 0 32.9 0.6 19.7 -19.74 -445.34 -445.34 25 
 30 4 37.8 0.26 9.8 -5.83 -451.17 -451.17 24 
Total  145.5   596.7     
          
          
          
1993 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr Rs D mm WSI 
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mm 
 18 23.3 54 0 0 0 23.3 0 100 
 19 1 59.2 0.42 24.9 -23.86 -0.56 -0.56 100 
 20 73.4 50.4 0.42 21.2 52.23 51.67 0 100 
 21 117.3 48.8 0.42 20.5 96.80 125.00 0 100 
 22 39.3 66 0.7 46.2 -6.90 118.10 0 100 
 23 67.8 60 1.1 66.0 1.80 119.90 0 100 
 24 73.8 61.2 1.15 70.4 3.42 123.32 0 100 
 25 45 50.6 1.15 58.2 -13.19 110.13 0 100 
 26 7 57.2 1.15 65.8 -58.78 51.35 0 100 
 27 0 58.3 1.15 67.0 -67.05 -15.70 -15.7 97 
 28 0 32.2 0.96 30.9 -30.91 -46.61 -46.6 91 
 29 0 32.2 0.6 19.3 -19.32 -65.93 -65.9 87 
 30 0 35.7 0.26 9.3 -9.28 -75.21 -75.2 85 
total  447.9   499.6     
          
          
          
1994 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 7.6 51.6 0 0 7.6 7.6 0 100 
 19 21.3 56 0.42 23.52 -2.22 5.38 0 100 
 20 19 49.6 0.42 20.83 -1.83 3.55 0 100 
 21 98 50.4 0.42 21.17 76.83 80.38 0 100 
 22 39.6 63.6 0.7 44.52 -4.92 75.46 0 100 
 23 2.2 60 1.1 66.00 -63.80 11.66 0 100 
 24 78.5 66 1.15 75.90 2.60 14.26 0 100 
 25 0 55 1.15 63.25 -63.25 -48.99 -48.99 90 
 26 2 56.1 1.15 64.52 -62.52 -111.51 -111.51 78 
 27 4 59.4 1.15 68.31 -64.31 -175.82 -175.82 66 
 28 0 34.3 0.96 32.93 -32.93 -208.74 -208.74 59 
 29 0 32.9 0.6 19.74 -19.74 -228.48 -228.48 55 
 30 0 37.1 0.26 9.65 -9.65 -238.13 -238.13 53 
total  272.2   510.33     
          
          
          
1995 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 0 51 0 0 0 0 0 100 
 19 44.8 55.2 0.42 23.18 21.62 21.62 0 100 
 20 1.6 50.4 0.42 21.17 -19.57 2.05 0 100 
 21 37 51.2 0.42 21.50 15.50 17.54 0 100 
 22 21.1 68.4 0.7 47.88 -26.78 -9.24 -9.24 98 
 23 69.3 68.4 1.1 75.24 -5.94 -15.18 -15.18 97 
 24 66.1 72 1.15 82.80 -16.70 -31.88 -31.88 94 
 25 7.6 56.1 1.15 64.52 -56.92 -88.79 -88.79 83 
 26 0.4 56.1 1.15 64.52 -64.12 -152.91 -152.91 71 
 27 0.3 51.6 1.15 59.34 -59.04 -211.95 -211.95 59 
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 28 0 33.6 0.96 32.26 -32.26 -244.20 -244.20 53 
 29 2.5 33.6 0.6 20.16 -17.66 -261.86 -261.86 50 
 30 0 37.8 0.26 9.83 -9.83 -271.69 -271.69 48 
total  250.7   522.39     
          
          
          
1996 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 38.2 48 0 0 38.20 38.2 0 0 
 19 6.7 60.8 0.42 25.54 -18.84 19.36 0 100 
 20 95.1 46.4 0.42 19.49 75.61 94.98 0 100 
 21 73.8 52.8 0.42 22.18 51.62 125.00 0.00 100 
 22 24.4 61.2 0.7 42.84 -18.44 106.56 0 100 
 23 35.9 58.8 1.1 64.68 -28.78 77.78 0 100 
 24 35.8 63.6 1.15 73.14 -37.34 40.44 0 100 
 25 30.3 52.8 1.15 60.72 -30.42 10.02 0 100 
 26 40.2 52.8 1.15 60.72 -20.52 -10.50 -10.5 98 
 27 0 55 1.15 63.25 -63.25 -73.75 -73.75 85 
 28 0 32.2 0.96 30.91 -30.91 -104.66 -10466 79 
 29 1.3 32.2 0.6 19.32 -18.02 -122.68 -122.68 75 
 30 0 34.3 0.26 8.92 -8.92 -131.60 -131.6 73 
total  381.7   491.70     
          
          
          
1997 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 5.1 49.2 0 0 5.1 5.1 0 0 
 19 23 54.4 0.42 22.85 0.15 5.25 0 110 
 20 39.3 51.2 0.42 21.50 17.80 23.05 0 100 
 21 8.2 56 0.42 23.52 -15.32 7.73 0 100 
 22 79.9 67.2 0.7 47.04 32.86 40.59 0 100 
 23 44.4 60 1.1 66.00 -21.60 18.99 0 100 
 24 4.1 74.4 1.15 85.56 -81.46 -62.47 -62.47 89 
 25 9 63.8 1.15 73.37 -64.37 -126.84 -12684 77 
 26 13 60.5 1.15 69.58 -56.58 -183.42 -183.42 66 
 27 8.2 66 1.15 75.90 -67.70 -251.12 -251.12 54 
 28 13 32.2 0.96 30.91 -17.91 -269.03 -269.03 51 
 29 0 31.5 0.6 18.90 -18.90 -287.93 -287.93 47 
 30 2.1 33.6 0.26 8.74 -6.64 -294.57 -294.57 46 
  249.3   543.87     
total          
          
          
1998 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 0 57 0 0 0 0 0  
 19 3.2 60 0.42 25.20 -22.00 -22.00 -22 63 
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 20 62.1 52 0.42 21.84 40.26 18.26 0 100 
 21 63.9 56.8 0.42 23.86 40.04 58.30 0 100 
 22 12.1 78 0.7 54.60 -42.50 15.80 0 100 
 23 16.8 79.2 1.1 87.12 -70.32 -54.52 -54.52 91 
 24 110.1 88.8 1.15 102.12 7.98 -46.54 -46.54 92 
 25 85.5 64.9 1.15 74.64 10.87 -35.67 -35.67 94 
 26 3.4 64.9 1.15 74.64 -71.24 -106.91 -106.91 82 
 27 1.8 67.6 1.15 77.74 -75.94 -182.85 -182.85 70 
 28 1.5 33.6 0.96 32.26 -30.76 -213.60 -213.6 65 
 29 0.8 32.9 0.6 19.74 -18.94 -232.54 -232.54 61 
 30 0 37.8 0.26 9.83 -9.83 -242.37 -242.37 60 
total  361.2   603.57     
          
          
          
1999 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 40.3 51 0 0 40.3 40.3 0 0 
 19 13.3 59.2 0.42 24.86 -11.56 28.74 0 100 
 20 10 50.4 0.42 21.17 -11.17 17.57 0 100 
 21 0 53.6 0.42 22.51 -22.51 -4.94 -4.94 99 
 22 46.9 63.6 0.7 44.52 2.38 -2.56 -2.56 99 
 23 16 58.8 1.1 64.68 -48.68 -51.24 -51.24 89 
 24 77.7 63.6 1.15 73.14 4.56 -46.68 -46.68 90 
 25 48.6 50.6 1.15 58.19 -9.59 -56.27 -56.27 88 
 26 25.4 51.7 1.15 59.46 -34.06 -90.33 -90.33 81 
 27 8.7 51.7 1.15 59.46 -50.76 -141.08 -141.08 71 
 28 56 27.3 0.96 26.21 29.79 -111.29 -111.29 77 
 29 35.9 28 0.6 16.80 19.10 -92.19 -92.19 81 
 30 21.3 33.6 0.26 8.74 12.56 -79.63 -79.63 83 
total  400.1   479.73     
          
          
          
2000 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 2.4 54 0 0 2.4 2.4 0 0 
 19 17.5 60.8 0.42 25.54 -8.04 -5.64 -5.64 99 
 20 42.3 53.6 0.42 22.51 19.79 14.15 0 100 
 21 72.4 47.2 0.42 19.82 52.58 66.73 0 100 
 22 34.3 61.2 0.7 42.84 -8.54 58.19 0 100 
 23 27.3 60 1.1 66.00 -38.70 19.49 0 100 
 24 16 72 1.15 82.80 -66.80 -47.31 -47.31 91 
 25 96 60.5 1.15 69.58 26.43 -20.89 -20.89 96 
 26 12.5 55 1.15 63.25 -50.75 -71.64 -71.64 87 
 27 0.9 58.3 1.15 67.05 -66.15 -137.78 -137.78 75 
 28 0.2 51.5 0.96 49.44 -49.24 -187.02 -187.02 66 
 29 0 51.5 0.6 30.90 -30.90 -217.92 217.92 60 
 30 0 35 0.26 9.10 -9.10 -227.02 -227.02 59 
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total  321.8   548.82     
total          
 
 
Calculation of the water requirement satisfaction index of Sorghum  
seasons 1991-2000 in Kosti 
1991 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs D mm WSI 
 18 0 54 0 0.00 0.00 0 0 100 
 19 0.7 52.8 0.42 22.18 -21.48 -21.48 -21.48 96 
 20 10 52.8 0.42 22.18 -12.18 -33.65 -33.65 94 
 21 11.2 52 0.42 21.84 -10.64 -44.29 -44.29 92 
 22 46.1 62.4 0.54 33.70 12.40 -31.89 -31.89 94 
 23 31.4 61.2 0.77 47.12 -15.72 -47.61 -47.61 91 
 24 54.4 67.2 1.2 80.64 -26.24 -73.85 -73.85 86 
 25 0.7 60.5 1.15 69.58 -68.88 -142.73 -142.73 74 
 26 3.2 60.5 1.15 69.58 -66.38 -209.10 -209.1 61 
 27 0 64.9 1.15 74.64 -74.64 -283.74 -283.74 48 
 28 0 31.5 1.15 36.23 -36.23 -319.96 -319.96 41 
 29 3.2 30.8 1 30.80 -27.60 -347.56 -347.56 36 
 30 0 35 0.7 24.50 -24.50 -372.06 -372.06 31 
 31 0 25.2 0.4 10.08 -10.08 -382.14 -382.14 30 
total  160.9   543.04     
          
          
1992 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 1.3 57 0 0.00 1.30 1.3 0 100 
 19 20.3 60 0.42 25.20 -4.90 -3.60 -3.6 99 
 20 20.5 52 0.42 21.84 -1.34 -4.94 -4.94 99 
 21 15.4 56.8 0.42 23.86 -8.46 -13.40 -13.4 98 
 22 37.6 78 0.54 42.12 -4.52 -17.92 -17.92 97 
 23 22.8 79.2 0.77 60.98 -38.18 -56.10 -56.1 91 
 24 2.3 88.8 1.2 106.56 -104.26 -160.36 -160.36 74 
 25 19.6 64.9 1.15 74.64 -55.04 -215.40 -215.4 65 
 26 0.5 64.9 1.15 74.64 -74.14 -289.53 -289.53 52 
 27 0 61.6 1.15 70.84 -70.84 -360.37 -360.37 41 
 28 1.2 33.6 1.15 38.64 -37.44 -397.81 -397.81 35 
 29 0 32.9 1 32.90 -32.90 -430.71 -430.71 29 
 30 4 37.8 0.7 26.46 -22.46 -453.17 -453.17 26 
 31 0 25.6 0.4 10.24 -10.24 -463.41 -463.41 24 
total  145.5   608.91     
          
          
1993 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 1 54 0 0.00 1.00 1 0 100 
 19 1 59.2 0.42 24.86 -23.86 -22.86 -22.86 96 
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 20 73.4 50.4 0.42 21.17 52.23 29.37 0 100 
 21 117.3 48.8 0.42 20.50 96.80 125.00 0.00 100 
 22 39.3 66 0.54 35.64 3.66 125.00 0.00 100 
 23 67.8 60 0.77 46.20 21.60 125.00 0.00 100 
 24 73.8 61.2 1.2 73.44 0.36 125.00 0.00 100 
 25 45 50.6 1.15 58.19 -13.19 111.81 0.00 100 
 26 7 57.2 1.15 65.78 -58.78 53.03 0.00 100 
 27 0 58.3 1.15 67.05 -67.05 -14.02 -14.02 97 
 28 0 32.2 1.15 37.03 -37.03 -51.05 -51.05 90 
 29 0 32.2 1 32.20 -32.20 -83.25 -83.25 84 
 30 0 35.7 0.7 24.99 -24.99 -108.24 -108.40 79 
 31 0 25.2 0.4 10.08 -10.08 -118.32 -118.32 77 
total  425.6   517.12     
          
          
1994 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 7.6 51.6 0 0.00 7.60 7.6 0 100 
 19 21.3 56 0.42 23.52 -2.22 5.38 0 100 
 20 19 49.6 0.42 20.83 -1.83 3.55 0 100 
 21 98 50.4 0.42 21.17 76.83 80.38 0 100 
 22 39.6 63.6 0.54 34.34 5.26 85.64 0 100 
 23 2.2 60 0.77 46.20 -44.00 41.64 0 100 
 24 78.5 66 1.2 79.20 -0.70 40.94 0 100 
 25 0 55 1.15 63.25 -63.25 -22.31 -22.31 96 
 26 2 56.1 1.15 64.52 -62.52 -84.83 -84.83 84 
 27 4 59.4 1.15 68.31 -64.31 -149.14 -149.14 72 
 28 0 34.3 1.15 39.45 -39.45 -188.58 -188.53 64 
 29 0 32.9 1 32.90 -32.90 -221.48 -221.48 58 
 30 0 37.1 0.7 25.97 -25.97 -247.45 -247.45 53 
 31 0 26 0.4 10.40 -10.40 -257.85 -257.85 51 
total  272.2   530.05     
          
          
1995 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 0 51 0 0.00 0.00 0 0 100 
 19 44.8 55.2 0.42 23.18 21.62 21.62 0 100 
 20 1.6 50.4 0.42 21.17 -19.57 2.05 0 100 
 21 37 21.2 0.42 8.90 28.10 30.14 0 100 
 22 21.1 68.4 0.54 36.94 -15.84 14.31 0 100 
 23 69.3 68.4 0.77 52.67 16.63 30.94 0 100 
 24 66.1 72 1.2 86.40 -20.30 10.64 0 100 
 25 7.6 56.1 1.15 64.52 -56.92 -46.28 -46.28 91 
 26 0.4 56.1 1.15 64.52 -64.12 -110.39 -110.39 79 
 27 0.3 51.6 1.15 59.34 -59.04 -169.43 -169.43 68 
 28 0 33.6 1.15 38.64 -38.64 -208.07 -208.07 61 
 29 2.5 33.6 1 33.60 -31.10 -239.17 -239.17 55 
 30 0 37.8 0.7 26.46 -26.46 -265.63 -265.63 50 
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 31 0 26.4 0.4 10.56 -10.56 -276.19 -276.19 48 
1995  250.7   526.89     
          
          
1996 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 38.2 48 0 0.00 38.20 38.2 0 100 
 19 6.7 60.8 0.42 25.54 -18.84 19.36 0 100 
 20 95.1 46.4 0.42 19.49 75.61 94.98 0 100 
 21 73.8 52.8 0.42 22.18 51.62 125.00 0.00 100 
 22 24.4 61.2 0.54 33.05 -8.65 116.35 0 100 
 23 35.9 58.8 0.77 45.28 -9.38 106.98 0 100 
 24 35.8 63.6 1.2 76.32 -40.52 66.46 0 100 
 25 30.3 52.8 1.15 60.72 -30.42 36.04 0 100 
 26 40.2 52.8 1.15 60.72 -20.52 15.52 0 100 
 27 0 55 1.15 63.25 -63.25 -47.73 -47.73 91 
 28 0 32.2 1.15 37.03 -37.03 -84.76 -84.76 83 
 29 1.3 32.2 1 32.20 -30.90 -115.66 -115.66 77 
 30 0 34.3 0.7 24.01 -24.01 -139.67 -139.67 73 
 31 0 24.8 0.4 9.92 -9.92 -149.59 -149.59 71 
total  381.7   509.69     
          
          
1997 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 5.1 49.2 0 0.00 5.10 5.1 0 100 
 19 23 54.4 0.42 22.85 0.15 5.25 0 100 
 20 39.3 51.2 0.42 21.50 17.80 23.05 0 100 
 21 8.2 56 0.42 23.52 -15.32 7.73 0 100 
 22 79.9 67.2 0.54 36.29 43.61 51.34 0 100 
 23 44.4 60 0.77 46.20 -1.80 49.54 0 100 
 24 4.1 74.4 1.2 89.28 -85.18 -35.64 -35.64 94 
 25 9 63.8 1.15 73.37 -64.37 -100.01 -100.01 82 
 26 13 60.5 1.15 69.58 -56.58 -156.59 -156.59 72 
 27 8.2 66 1.15 75.90 -67.70 -224.29 -224.29 60 
 28 13 32.2 1.15 37.03 -24.03 -248.32 -248.32 56 
 29 0 31.5 1 31.50 -31.50 -279.82 -279.82 50 
 30 2.1 33.6 0.7 23.52 -21.42 -301.24 -301.24 46 
 31 4.2 19.2 0.4 7.68 -3.48 -304.72 -304.72 45 
total  253.5   558.22     
          
          
1998 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 0 57 0 0.00 0.00 0 0 100 
 19 3.2 60 0.42 25.20 -22.00 -22.00 -22 96 
 20 62.1 52 0.42 21.84 40.26 18.26 0 100 
 21 63.9 56.8 0.42 23.86 40.04 58.30 0 100 
 22 12.1 78 0.54 42.12 -30.02 28.28 0 100 
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 23 16.8 79.2 0.77 60.98 -44.18 -15.90 -15.9 97 
 24 110.1 88.8 1.2 106.56 3.54 -12.36 -12.36 98 
 25 85.5 64.9 1.15 74.64 10.87 -1.50 -1.5 100 
 26 3.4 64.9 1.15 74.64 -71.24 -72.73 -72.73 88 
 27 1.8 61.6 1.15 70.84 -69.04 -141.77 -141.77 77 
 28 1.5 33.6 1.15 38.64 -37.14 -178.91 -178.91 71 
 29 0.8 32.9 1 32.90 -32.10 -211.01 -211.01 65 
 30 0 37.8 0.7 26.46 -26.46 -237.47 -237.47 61 
 31 0 19.6 0.4 7.84 -7.84 -245.31 -245.31 60 
total  361.2   606.51     
          
          
1999 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 40.3 51 0 0.00 40.30 40.3 0 100 
 19 13.3 59.2 0.42 24.86 -11.56 28.74 0 100 
 20 10 50.4 0.42 21.17 -11.17 17.57 0 100 
 21 0 53.6 0.42 22.51 -22.51 -4.94 -4.94 99 
 22 46.9 63.6 0.54 34.34 12.56 7.61 0 100 
 23 16 58.8 0.77 45.28 -29.28 -21.66 -21.66 96 
 24 77.7 63.6 1.2 76.32 1.38 -20.28 -20.28 96 
 25 48.6 50.6 1.15 58.19 -9.59 -29.87 -29.87 94 
 26 25.4 51.7 1.15 59.46 -34.06 -63.93 -63.93 87 
 27 8.7 51.7 1.15 59.46 -50.76 -114.68 -114.68 77 
 28 56 27.3 1.15 31.40 24.61 -90.08 -90.08 82 
 29 35.9 28 1 28.00 7.90 -82.18 -82.18 83 
 30 21.3 33.6 0.7 23.52 -2.22 -84.40 -84.4 83 
 31 9.1 19.2 0.4 7.68 1.42 -82.98 -82.98 83 
total  409.2   492.18     
          
          
2000 Dekadl Ra mm Eto mm Kc Wr mm Ra-
Wrmm 
Rs D mm WSI 
 18 2.7 54 0 0.00 2.70 2.7 0 100 
 19 17.5 60.8 0.42 25.54 -8.04 -5.34 -5.34 99 
 20 42.3 53.6 0.42 22.51 19.79 14.45 0 100 
 21 72.4 47.2 0.42 19.82 52.58 67.03 0 100 
 22 34.3 61.2 0.54 33.05 1.25 68.28 0 100 
 23 27.3 60 0.77 46.20 -18.90 49.38 0 100 
 24 16 72 1.2 86.40 -70.40 -21.02 -21.02 96 
 25 96 60.5 1.15 69.58 26.43 5.41 0 100 
 26 12.5 55 1.15 63.25 -50.75 -45.35 -45.35 92 
 27 0.9 58.3 1.15 67.05 -66.15 -111.49 -111.49 81 
 28 0.2 51.5 1.15 59.23 -59.03 -170.52 -170.52 70 
 29 0 51.5 1 51.50 -51.50 -222.02 -222.02 61 
 30 0 35 0.7 24.50 -24.50 -246.52 -246.52 57 
 31 0 20 0.4 8.00 -8.00 -254.52 -254.52 56 
total  322.1   576.62     
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Calculation of the water requirement satisfaction index of melit  seasons 
1991-2000 in EL-Dueim 
          
1991 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 0 54 0 0 0.00 0 0 0 
 19 0 52.8 0.42 22.176 -22.18 -22.18 -22.18 96 
 20 4 52.8 0.42 22.176 -18.18 -40.35 -40.35 93 
 21 6.5 52 0.42 21.84 -15.34 -55.69 -55.69 90 
 22 149 62.4 0.71 44.304 104.70 49.00 0 100 
 23 17 61.2 1.1 67.32 -50.32 -1.32 -1.32 100 
 24 32 67.2 1.15 77.28 -45.28 -46.60 -46.6 91 
 25 0 60.5 1.15 69.575 -69.58 -116.17 -116.17 79 
 26 13 60.5 1.15 69.575 -56.58 -172.75 -172.75 68 
 27 0 64.9 1.15 74.635 -74.64 -247.38 -247.38 54 
 28 0 31.5 1.02 32.13 -32.13 -279.51 -279.51 49 
 29 0 30.3 0.8 24.24 -24.24 -303.75 -303.75 44 
 30 0 32 0.55 17.6 -17.60 -321.35 -321.35 41 
total  221.5   542.85     
          
1992 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 0 57 0 0.00 0.00 0 0 0 
 19 62.5 60 0.42 25.20 37.30 37.30 0 100 
 20 33.5 52 0.42 21.84 11.66 48.96 0 100 
 21 20.7 56.8 0.42 23.86 -3.16 45.80 0 100 
 22 21 70 0.71 49.70 -28.70 17.10 0 100 
 23 21.9 79.2 1.1 87.12 -65.22 -48.12 -48.12 92 
 24 15.5 88.8 1.15 102.12 -86.62 -134.74 -134.74 78 
 25 29 64.9 1.15 74.64 -45.64 -180.37 -180.37 70 
 26 13.8 64.9 1.15 74.64 -60.84 -241.21 -241.21 61 
 27 0 61.6 1.15 70.84 -70.84 -312.05 -312.05 49 
 28 0 33.6 1.02 34.27 -34.27 -346.32 -346.32 43 
 29 1.6 32.9 0.8 26.32 -24.72 -371.04 -371.04 39 
 30 0 37.8 0.55 20.79 -20.79 -391.83 -391.83 36 
total  219.5   611.33     
          
          
          
1993 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 7 54  0.00 7.00 7.00 0 0 
 19 17 59.2 0.42 24.86 -7.86 -7.86 -7.86 98 
 20 52.8 50.4 0.42 21.17 31.63 23.77 0 100 
 21 32.2 40.8 0.42 17.14 15.06 38.83 0 100 
 22 55 66 0.71 46.86 8.14 46.97 0 100 
 23 0 60 1.1 66.00 -66.00 -19.03 -19.03 96 
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 24 11.8 61.2 1.15 70.38 -58.58 -77.61 -77.61 85 
 25 0 50.6 1.15 58.19 -58.19 -135.80 -135.8 74 
 26 1 57.2 1.15 65.78 -64.78 -200.58 -200.58 61 
 27 0.6 58.3 1.15 67.05 -66.45 -267.02 -267.02 48 
 28 0 32.2 1.02 32.84 -32.84 -299.87 -299.87 42 
 29 0 32.2 0.8 25.76 -25.76 -325.63 -325.63 37 
 30 0 35.7 0.55 19.64 -19.64 -345.26 -345.26 33 
total  177.4   515.66     
          
          
          
1994 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 31.2 51.6 0 0.00 31.20 31.2 0 0 
 19 0 56 0.42 23.52 -23.52 7.68 0 100 
 20 28 49.6 0.42 20.83 7.17 14.85 0 100 
 21 61.6 50.4 0.42 21.17 40.43 55.28 0 100 
 22 99.6 75.6 0.71 53.68 45.92 101.20 0 100 
 23 16 60 1.1 66.00 -50.00 51.20 0 100 
 24 42 66 1.15 75.90 -33.90 17.30 0 100 
 25 25 55 1.15 63.25 -38.25 -20.95 -20.95 96 
 26 0 56.1 1.15 64.52 -64.52 -85.46 -85.46 84 
 27 13.7 59.4 1.15 68.31 -54.61 -140.07 -140.07 74 
 28 0 34.3 1.02 34.99 -34.99 -175.06 -175.06 68 
 29 3.2 32.9 0.8 26.32 -23.12 -198.18 -198.18 63 
 30 0 37.1 0.55 20.41 -20.41 -218.58 -218.58 59 
total  320.3   538.88     
          
          
          
1995 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 17.7 51 0 0.00 17.70 17.7 0 0 
 19 162 55.2 0.42 23.18 138.82 125.00 0.00 100 
 20 37.8 50.4 0.42 21.17 16.63 125.00 0.00 100 
 21 1 51.2 0.42 21.50 -20.50 104.50 0 100 
 22 27 68.4 0.71 48.56 -21.56 82.93 0 100 
 23 0 68.5 1.1 75.35 -75.35 7.58 0 100 
 24 0.2 75 1.15 86.25 -86.05 -78.47 -78.47 86 
 25 0 56.1 1.15 64.52 -64.52 -142.98 -142.98 74 
 26 0 56.1 1.15 64.52 -64.52 -207.50 -207.5 63 
 27 4 61.6 1.15 70.84 -66.84 -274.34 -274.34 51 
 28 0 33.6 1.02 34.27 -34.27 -308.61 -308.61 45 
 29 0 33.6 0.8 26.88 -26.88 -335.49 -335.49 40 
 30 0 37.8 0.55 20.79 -20.79 -356.28 -356.28 36 
total  249.7   557.83     
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1996 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 77.3 48.6 0 0.00 77.30 77.3 0 0 
 19 9.6 63.2 0.42 26.54 -16.94 60.36 0 100 
 20 41.2 56.8 0.42 23.86 17.34 77.70 0 100 
 21 28.1 60 0.42 25.20 2.90 80.60 0 100 
 22 35 73.2 0.71 51.97 -16.97 63.63 0 100 
 23 0 70.8 1.1 77.88 -77.88 -14.25 -14.25 98 
 24 0 74.4 1.15 85.56 -85.56 -99.81 -99.81 84 
 25 0 61.6 1.15 70.84 -70.84 -170.65 -170.65 72 
 26 0 67.1 1.15 77.17 -77.17 -247.82 -247.82 60 
 27 0 69.3 1.15 79.70 -79.70 -327.51 -237.51 47 
 28 0 38.5 1.02 39.27 -39.27 -366.78 -366.78 40 
 29 0 39.9 0.8 31.92 -31.92 -398.70 -398.7 35 
 30 0 43.4 0.55 23.87 -23.87 -422.57 -422.57 31 
total  191.2   613.77     
          
          
          
1997 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 0.5 52.2  0.00 0.50 0.5 0 0 
 19 0 59.2 0.42 24.86 -24.86 -24.36 -24.36 96 
 20 0 54.4 0.42 22.85 -22.85 -47.21 -47.21 93 
 21 2.2 62.4 0.42 26.21 -24.01 -71.22 -71.22 89 
 22 6.2 73.2 0.71 51.97 -45.77 -116.99 -116.99 82 
 23 0 69.6 1.1 76.56 -76.56 -193.55 -193.55 70 
 24 0 84 1.15 96.60 -96.60 -290.15 -290.15 55 
 25 0 73.7 1.15 84.76 -84.76 -374.91 -374.91 42 
 26 0 71.5 1.15 82.23 -82.23 -457.13 -457.13 30 
 27 0 77 1.15 88.55 -88.55 -545.68 -545.68 16 
 28 0 40.6 1.02 41.41 -41.41 -587.09 -587.09 10 
 29 0 39.2 0.8 31.36 -31.36 -618.45 -618.45 5 
 30 0 43.4 0.55 23.87 -23.87 -642.32 -643.32 1 
total  8.9   651.22     
          
          
          
1998 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 32.8 55.2 0 0.00 32.80 32.8 0 0 
 19 71.7 62.4 0.42 26.21 45.49 78.29 0 100 
 20 0 55.2 0.42 23.18 -23.18 55.11 0 100 
 21 104.7 59.2 0.42 24.86 79.84 125.00 0.00 100 
 22 45.7 80.4 0.71 57.08 -11.38 113.62 0 100 
 23 15 81.6 1.1 89.76 -74.76 38.86 0 100 
 24 0 93.6 1.15 107.64 -107.64 -68.78 -68.78 90 
 25 14.8 73.7 1.15 84.76 -69.96 -138.74 -138.74 80 
 26 0 74.8 1.15 86.02 -86.02 -224.76 -224.76 67 
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 27 0 72.6 1.15 83.49 -83.49 -308.25 -308.25 55 
 28 0 41.3 1.02 42.13 -42.13 -350.38 -350.38 49 
 29 0 40.6 0.8 32.48 -32.48 -382.86 -382.86 44 
 30 0 46.9 0.55 25.80 -25.80 -408.65 -408.65 40 
total  284.7   683.41     
          
          
          
1999 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 51.5 52.2  0.00 51.50 51.5 0 0 
 19 31.1 60.8 0.42 25.54 5.56 57.06 0 100 
 20 52 54.4 0.42 22.85 29.15 86.22 0 100 
 21 125.5 56 0.42 23.52 101.98 125.00 0.00 100 
 22 42 69.6 0.71 49.42 -7.42 117.58 0 100 
 23 7.5 66 1.1 72.60 -65.10 52.48 0 100 
 24 6 72 1.15 82.80 -76.80 -24.32 -24.32 96 
 25 3 27.2 1.15 31.28 -28.28 -52.60 -52.6 90 
 26 20.5 64.9 1.15 74.64 -54.14 -106.73 -106.73 81 
 27 0 66 1.15 75.90 -75.90 -182.63 -182.63 67 
 28 0 36.4 1.02 37.13 -37.13 -219.76 -219.76 60 
 29 0 35.7 0.8 28.56 -28.56 -248.32 -248.32 55 
 30 0 42.7 0.55 23.49 -23.49 -271.80 -271.8 50 
total  339.1   547.71     
          
          
          
2000 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
Rs Dmm WSI 
 18 0 51.6 0 0.00 0.00 0 0 0 
 19 14 62.4 0.42 26.21 -12.21 -12.21 -12.21 98 
 20 36.8 56.8 0.42 23.86 12.94 0.74 0 100 
 21 39.1 53.6 0.42 22.51 16.59 17.32 0 100 
 22 28.1 70.8 0.71 50.27 -22.17 -4.84 -4.84 99 
 23 13.9 69.6 1.1 76.56 -62.66 -67.50 -67.5 89 
 24 0 85.2 1.15 97.98 -97.98 -165.48 -165.48 74 
 25 30.2 67.1 1.15 77.17 -46.97 -212.45 -212.45 66 
 26 9.2 69.3 1.15 79.70 -70.50 -282.94 -282.94 55 
 27 0 69.3 1.15 79.70 -79.70 -362.64 -362.64 42 
 28 0 37.1 1.02 37.84 -37.84 -400.48 -400.48 36 
 29 0 37.8 0.8 30.24 -30.24 -430.72 -430.72 31 
 30 0 42.7 0.55 23.49 -23.49 -454.21 -454.21 27 
total  171.3   625.51     
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1991 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 0 54 0 0.00 0.00 0 0 0 
 19 0 52.8 0.45 23.76 -23.76 -23.76 -23.76 96 
 20 4 52.8 0.45 23.76 -19.76 -43.52 -43.52 92 
 21 6.5 52 0.45 23.40 -16.90 -60.42 -60.42 89 
 22 149 62.4 0.56 34.94 114.06 53.64 0.00 100 
 23 17 61.2 0.8 48.96 -31.96 21.68 0.00 100 
 24 32 67.2 1.03 69.22 -37.22 -15.54 -15.54 97 
 25 0 60.5 1.15 69.58 -69.58 -85.12 -85.12 85 
 26 13 60.5 1.15 69.58 -56.58 -141.69 -141.69 74 
 27 0 64.9 1.15 74.64 -74.64 -216.33 -216.33 61 
 28 0 31.5 1.15 36.23 -36.23 -252.55 -252.55 54 
 29 0 30.3 1.05 31.82 -31.82 -284.37 -284.37 48 
 30 0 32 0.85 27.20 -27.20 -311.57 -311.57 43 
 31 0 25.2 0.65 16.38 -16.38 -327.95 -327.95 40 
Total  221.5   549.45     
          
          
1992 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 0 57 0 0.00 0.00 0 0 0 
 19 62.5 60 0.45 27.00 35.50 35.50 0.00 100 
 20 33.5 52 0.45 23.40 10.10 45.60 0.00 100 
 21 20.7 56.8 0.45 25.56 -4.86 40.74 0.00 100 
 22 21 70 0.56 39.20 -18.20 22.54 0.00 100 
 23 21.9 79.2 0.8 63.36 -41.46 -18.92 -18.92 97 
 24 15.5 88.8 1.03 91.46 -75.96 -94.88 -94.88 84 
 25 29 64.9 1.15 74.64 -45.64 -140.52 -140.52 77 
 26 13.8 64.9 1.15 74.64 -60.84 -201.35 -201.35 67 
 27 0 61.6 1.15 70.84 -70.84 -272.19 -272.19 56 
 28 0 33.6 1.15 38.64 -38.64 -310.83 -310.83 49 
 29 1.6 32.9 1.05 34.55 -32.95 -343.78 -343.78 44 
 30 0 37.8 0.85 32.13 -32.13 -375.91 -375.91 39 
 31 0 25.6 0.65 16.64 -16.64 -392.55 -392.55 36 
Total  219.5   612.05     
          
          
1993 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 7 54 0 0.00 7.00 7 0 0 
 19 17 59.2 0.45 26.64 -9.64 -2.64 -2.64 99 
 20 52.8 50.4 0.45 22.68 30.12 27.48 0.00 100 
 21 32.2 40.8 0.45 18.36 13.84 41.32 0.00 100 
 22 55 66 0.56 36.96 18.04 59.36 0.00 100 
 23 0 60 0.8 48.00 -48.00 11.36 0.00 100 
 24 11.8 61.2 1.03 63.04 -51.24 -39.88 -39.88 92 
 25 0 50.6 1.15 58.19 -58.19 -98.07 -98.07 81 
 26 1 57.2 1.15 65.78 -64.78 -162.85 -162.85 69 
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 27 0.6 58.3 1.15 67.05 -66.45 -229.29 -229.29 56 
 28 0 32.2 1.15 37.03 -37.03 -266.32 -266.32 49 
 29 0 32.2 1.05 33.81 -33.81 -300.13 -300.13 43 
 30 0 35.7 0.85 30.35 -30.35 -330.48 -330.48 37 
 31 0 25.2 0.65 16.38 -16.38 -346.86 -346.86 34 
Total  177.4   524.26     
          
          
1994 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 31.2 51.6 0 0.00 31.20 31.2 0 0 
 19 0 56 0.45 25.20 -25.20 6.00 0 100 
 20 28 49.6 0.45 22.32 5.68 11.68 0 100 
 21 61.6 50.4 0.45 22.68 38.92 50.60 0 100 
 22 99.6 75.6 0.56 42.34 57.26 107.86 0 100 
 23 16 60 0.8 48.00 -32.00 75.86 0 100 
 24 42 66 1.03 67.98 -25.98 49.88 0 100 
 25 25 55 1.15 63.25 -38.25 11.63 0 100 
 26 0 56.1 1.15 64.52 -64.52 -52.88 -52.88 90 
 27 13.7 59.4 1.15 68.31 -54.61 -107.49 -107.49 80 
 28 0 34.3 1.15 39.45 -39.45 -146.94 -146.94 73 
 29 3.2 32.9 1.05 34.55 -31.35 -178.28 -178.28 67 
 30 0 37.1 0.85 31.54 -31.54 -209.82 -209.82 62 
 31 0 26 0.65 16.90 -16.90 -226.72 -226.72 59 
Total  320.3   547.02     
          
          
1995 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 17.7 51 0 0.00 17.70 17.7 0 0 
 19 162 55.2 0.45 24.84 137.16 125.00 0.00 100 
 20 37.8 50.4 0.45 22.68 15.12 125.00 0.00 100 
 21 1 51.2 0.45 23.04 -22.04 102.96 0 100 
 22 27 68.5 0.56 38.36 -11.36 91.60 0 100 
 23 0 68.5 0.8 54.80 -54.80 36.80 0 100 
 24 0.2 72 1.03 74.16 -73.96 -37.16 -37.16 93 
 25 0 56.1 1.15 64.52 -64.52 -101.68 101.68 82 
 26 0 56.1 1.15 64.52 -64.52 -166.19 -166.19 70 
 27 4 61.6 1.15 70.84 -66.84 -233.03 -233.03 58 
 28 0 33.6 1.15 38.64 -38.64 -271.67 -271.67 52 
 29 0 33.6 1.05 35.28 -35.28 -306.95 306.95 45 
 30 0 37.8 0.85 32.13 -32.13 -339.08 -339.08 40 
 31 0 26.4 0.65 17.16 -17.16 -356.24 -356.24 36 
Total  249.7   560.96     
          
          
1996 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 77.3 48.6 0 0.00 77.30 77.3 0 0 
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 19 9.6 56.8 0.45 25.56 -15.96 61.34 0 100 
 20 41.2 56.8 0.45 25.56 15.64 76.98 0 100 
 21 28.1 60 0.45 27.00 1.10 78.08 0 100 
 22 35 73.2 0.56 40.99 -5.99 72.09 0 100 
 23 0 70.8 0.8 56.64 -56.64 15.45 0 100 
 24 0 74.4 1.03 76.63 -76.63 -61.18 -61.18 90 
 25 0 61.6 1.15 70.84 -70.84 -132.02 -132.02 79 
 26 0 67.1 1.15 77.17 -77.17 -209.19 -209.19 66 
 27 0 69.3 1.15 79.70 -79.70 -288.88 -288.88 53 
 28 0 38.5 1.15 44.28 -44.28 -333.16 -333.16 46 
 29 0 39.9 1.05 41.90 -41.90 -375.05 -375.05 39 
 30 0 43.4 0.85 36.89 -36.89 -411.94 -411.94 33 
 31 0 24.8 0.65 16.12 -16.12 -428.06 -428.06 31 
Total  191.2   619.26     
          
          
1997 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 0.5 52.2 0 0.00 0.50 0.5 0 0 
 19 0 59.2 0.45 26.64 -26.64 -26.14 -26.14 96 
 20 0 54.4 0.45 24.48 -24.48 -50.62 -50.62 92 
 21 2.2 62.4 0.45 28.08 -25.88 -76.50 -76.5 88 
 22 6.2 73.2 0.56 40.99 -34.79 -111.29 -111.29 83 
 23 0 69.6 0.8 55.68 -55.68 -166.97 -166.97 75 
 24 0 84 1.03 86.52 -86.52 -253.49 -253.49 62 
 25 0 73.7 1.15 84.76 -84.76 -338.25 -338.25 49 
 26 0 71.5 1.15 82.23 -82.23 -420.47 -420.47 36 
 27 0 77 1.15 88.55 -88.55 -509.02 -509.02 23 
 28 0 40.6 1.15 46.69 -46.69 -555.71 -555.71 16 
 29 0 39.2 1.05 41.16 -41.16 -596.87 -596.87 9 
 30 0 43.5 0.85 36.98 -36.98 -633.85 -633.85 4 
 31 0 24.8 0.65 16.12 -16.12 -649.97 -649.97 1 
Total  8.9   658.87     
          
          
1998 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 32.8 55.2 0 0.00 32.80 32.8 0 0 
 19 71.7 62.4 0.45 28.08 43.62 76.42 0 100 
 20 0 55.2 0.45 24.84 -24.84 51.58 0 100 
 21 104.7 59.2 0.45 26.64 78.06 125.00 0.00 100 
 22 45.7 80.4 0.56 45.02 0.68 125.68 0 100 
 23 15 81.6 0.8 65.28 -50.28 75.40 0 100 
 24 0 93.6 1.03 96.41 -96.41 -21.01 -21.01 97 
 25 14.8 73.7 1.15 84.76 -69.96 -90.97 -90.97 87 
 26 0 74.8 1.15 86.02 -86.02 -176.99 -176.99 74 
 27 0 72.6 1.15 83.49 -83.49 -260.48 -260.48 62 
 28 0 41.3 1.15 47.50 -47.50 -307.97 -307.97 55 
 29 0 40.6 1.05 42.63 -42.63 -350.60 -350.6 49 
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 30 0 46.9 0.85 39.87 -39.87 -390.47 -390.47 43 
 31 0 26.8 0.65 17.42 -17.42 -407.89 -407.89 41 
Total  284.7   687.95     
          
          
1999 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 51.5 52.2 0 0.00 51.50 51.5 0 0 
 19 31.1 60.8 0.45 27.36 3.74 55.24 0 100 
 20 52 54.4 0.45 24.48 27.52 82.76 0 100 
 21 125.5 56 0.45 25.20 100.3 125.00 0 100 
 22 42 69.6 0.56 38.98 3.024 125.00 0 100 
 23 7.5 66 0.8 52.80 -45.3 79.70 0 100 
 24 6 72 1.03 74.16 -68.16 11.54 0 100 
 25 3 57.2 1.15 65.78 -62.78 -51.24 -51.24 91 
 26 20.5 64.9 1.15 74.64 -54.135 -105.38 -105.38 82 
 27 0 66 1.15 75.90 -75.9 -181.28 -181.28 69 
 28 0 36.4 1.15 41.86 -41.86 -223.14 -223.14 62 
 29 0 35.7 1.05 37.49 -37.485 -260.62 -260.62 56 
 30 0 42.7 0.85 36.30 -36.295 -296.92 -296.92 50 
 31 0 24.4 0.65 15.86 -15.86 -312.78 -312.78 47 
Total  339.1   590.79     
          
          
2000 Dekadl Ra mm Eto mm Kc Wr mm Ra-Wr 
mm 
RS D mm WSI 
 18 0 51.6 0 0.00 0 0 0 0 
 19 14 6.24 0.45 2.81 11.192 11.19 0 100 
 20 36.8 56.8 0.45 25.56 11.24 22.43 0 100 
 21 39.1 53.6 0.45 24.12 14.98 37.41 0 100 
 22 28.1 70.8 0.56 39.65 -11.548 25.86 0 100 
 23 13.9 69.6 0.8 55.68 -41.78 -15.92 -15.92 97 
 24 0 85.2 1.03 87.76 -87.756 -103.67 -103.67 83 
 25 30.2 67.1 1.15 77.17 -46.965 -150.64 -150.64 75 
 26 9.2 69.3 1.15 79.70 -70.495 -221.13 -221.13 64 
 27 0 69.3 1.15 79.70 -79.695 -300.83 -300.83 50 
 28 0 37.1 1.15 42.67 -42.665 -343.49 -343.49 43 
 29 0 37.8 1.05 39.69 -39.69 -383.18 -383.18 37 
 30 0 42.7 0.85 36.30 -36.295 -419.48 -419.48 31 
 31 0 24.4 0.65 15.86 -15.86 -435.34 -435.34 28 
Total  171.3   606.64     
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